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The goal of this PhD research is to fundamentally understand the degradation 
mechanisms and durability issues of Pt and Pt-alloy nanocatalysts in the cathode of proton 
exchange membrane fuel cells (PEMFCs). The primary tool for this research has been 
state-of-the-art transmission electron microscopy, including aberration-corrected 
TEM/STEM, in-situ TEM heating, 3D tomography, and Energy Dispersive Spectroscopy 
(EDS).  
In order to reveal the degradation mechanisms of nanocatalysts, both indirect and 
direct TEM methods were used. In the first part of this research, we performed post-mortem 
transmission electron microscopy (TEM) on the membrane electrode assembly (MEA) of 
PEMFCs. Using a thorough composition and morphological analysis of the catalysts after 
fuel cell cycling, we showed that the mechanisms proposed in the literature do not fully 
explain the degradation of the nanocatalysts. Accordingly, new mechanisms were 
proposed, namely: 1- Modified Ostwald ripening until adjacent particles make contact with 
each other and coalesce, 2-preferential deposition of single atoms and atomic clusters 
between two or more particles and consequently bridging between them.  
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To evaluate these proposed mechanisms mentioned above, the second part of this 
work focused on determining the behavior of Pt and Pt-alloy nanoparticles during different 
stages of fuel cell cycling. The first challenge was to find a way to ensure that I was 
observing the exact same nanoparticles during the various stages of cycling. To accomplish 
this, we developed an experimental setup which replicates on a TEM grid the effect of 
voltage cycling on the cathode of an MEA. Using this approach, it was possible to track 
the behavior of a single nanoparticle at different stages of voltage cycling on the nano-
atomic scale. Through these direct observations, we demonstrated that due to carbon 
corrosion the defects appear at the carbon/nanoparticle interface, which in turn result in 
particle migration and consequently coalescence. We also revealed the mass transfer 
mechanisms during the coalescence of nanoparticles. In addition, we revisited the 
commonly held view on the mechanism of particle dissolution and deposition. Thus, during 
the later stages of cycling, when the concentration of dissoluble Pt reaches a critical 
amount, single atoms and atomic clusters appear on the carbon support, which 
consequently move toward other particles and re-deposit on their surface. This dissolution 
happens preferentially at the corners and steps of the nanoparticle, while re-deposition 
occurs on {111} type planes. Contrary to the literature, it turned out that re-deposition is 
not necessarily an isotropic process as atomic clusters can deposit between two or more 
particles and bridge them. 
Furthermore, we investigated the atomic surface evolution and phase segregation 
of Pt3Co and PtNi nanoparticles under the effect of voltage through advanced spectroscopy 
technique such as EDS. While it is generally accepted in the literature that larger particles 
  ix  
grow at the expense of smaller ones, this study showed that in case of alloys, deposition of 
Pt occurs on the surface of smaller particles rather than larger ones. This is due to the 
thicker Pt rich surfaces on the smaller particles, since the Pt rich surface act as nucleation 
sites for re-precipitation of Pt.  
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Chapter 1:  Introduction 
1.1 Motivation 
A thorough knowledge of the atomic structure and composition of electrocatalyst 
nanoparticles is paramount to the development of advanced materials for proton exchange 
membrane fuel cells (PEMFC), one of the most promising energy conversion devices for 
automotive and stationary applications. The efficiency of the fuel cells is largely restricted 
by two main challenges: 1) the slow oxygen reduction reaction (ORR) kinetics catalyzed 
by platinum (Pt) based nanocatalysts in the cathode and 2) the instability of the 
nanocatalyst particles during fuel cell operation. Pt nanoparticles (NP) are currently used 
as the catalyst to promote the kinetics of hydrogen oxidation and ORR in the anode and 
cathode of the fuel cell, respectively. However, Pt-based alloys have being investigated to 
replace Pt on the cathode as a way to improve the efficiency of the fuel cell and reduce cost 
[1]–[5]. Although the enhancement in the ORR activity of Pt alloys is well established, the 
durability of the catalysts remains the main issue for their commercialization. 
Due to their large surface area-to-volume ratio, Pt and Pt-alloy NPs have a strong 
tendency to grow in size over short time scales, which can lead to significant changes in 
their desirable properties with subsequent changes in the behavior and performance of 
PEMFC. In particular, the growth of the Pt-based NPs catalysts is responsible for a 
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reduction in their electrochemically active surface area, which leads to an undesired 
catalyst deactivation and subsequent reduction in cell performance after several cycles [6]–
[8]. Thus, it is critical to understand the fundamentals behind catalyst instability, to be able 
to develop more fruitful strategies towards preventing catalyst activity loss.  
Ferreira et al proposed four mechanisms describing the loss of electrochemical active 
surface area of Pt NPs in the cathode of the PEMFC during cycling operation, namely 1) 
dissolution and re-deposition of  Pt on large particles on the nanometer scale or Ostwald 
ripening, 2) particle migration on the carbon support and coalescence, 3) particle 
detachment from carbon support, and 4) particle dissolution and re-precipitation on the 
ionomer phase or/and membrane by chemical reduction of soluble Pt with permeated 
hydrogen from the anode side [7].  Many studies, including post mortem transmission 
electron microscopy (TEM) studies have been performed to address the mechanisms of 
catalyst degradation [6], [7], [9]–[14]. In these studies, a batch of randomly selected NPs 
were characterized before cycling and then compared to another batch of randomly selected 
NPs in the cathode of the membrane electrode assembly (MEA) after voltage cycling.  
Moreover, the effect of alloying on the degradation mechanism and loss of active 
surface area of Pt-alloy nanocatalysts has also been investigated. Dubau et al have studied 
the decay characteristic of Pt3Co alloy in a 16 cells –stack, showing a continuous 
dissolution of Co in the ionomer phase during operation, which resulted in a core shell 
structure with a Pt enriched surface [13]. In a different body of work, Chen et al. identified 
the increased thickness of Pt-enriched surface layer as the main factor responsible for the 
degradation of acid-treated PtxCo catalyst after potential cycling [11]. 
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Although several issues have been addressed in the aforementioned studies, it is still 
unclear what is the dominant degradation mechanism, particularly because direct evidence 
of each mechanism is not available and thus a fundamental understanding of particle 
behavior in real time, at different stages of fuel cell cycling, is still challenging. 
Furthermore, when using Pt-alloy NPs, such as Pt-Ni or Pt-Co, we expect that new factors, 
such as heterogeneous dissolution of the elements during voltage cycling and enthalpy of 
mixing of the elements, might affect the mechanisms of loss of specific activity and the 
active surface area of the nanoparticles during fuel cell operation. So it is not clear yet what 
parameters control the degradation in alloy nanocatalysts and whether the four 
abovementioned mechanisms can fully explain the coalescence of alloy NPs. 
As a consequence various key questions remain unanswered, namely: 1) Is modified 
Ostwald ripening or coalescence the main mechanism for particle growth within the 
cathode? 2) How does voltage cycling affect particle movement on the carbon support and 
consequently the coalescence of particles? 3)  How does carbon degradation during voltage 
cycling affect the coalescence of particles? 4) How does alloying influence the degradation 
mechanism? 
 
1.2 Approach 
In the first part of this work, post-mortem parametric TEM studies will be performed 
on Pt3Co nanocatalysts supported on amorphous carbon and present on the cathode side of 
the membrane electrode assembly. In the parametric study, particle growth will be 
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monitored after 10K voltage cycling under different operating conditions, namely low 
humidity, high temperature and high voltage. Each of these conditions affect one of the 
possible coarsening mechanisms. High potential and low humidity conditions are extreme 
conditions that impact the Pt dissolution kinetics and migration in the ionomer phase, 
which affect modified Ostwald ripening and particle precipitation in the membrane, while 
high temperature will facilitate the Brownian motion of the NPs on the carbon support 
which influence particle movement and coalescence. In addition, considering the fact that 
due to the low Co/Co2+ redox potential and low enthalpy of mixing of Pt-Co, re-deposition 
of Co ions on the particles is not thermodynamically favorable, the parametric study of 
Pt3Co nanocatalysts allows us to track the dissolution and re-deposition process by 
compositional analysis of the nanoparticles before and after voltage cycling. Thus, this 
parametric study provides an insight into the dominant mechanism of electrochemical 
active surface area loss and helps us realize whether the four proposed mechanisms can 
explain the growth of alloyed NPs or new mechanisms should be considered.  
To understand the details about each mechanism, the second part of this thesis will be 
focused on analyzing the behavior of Pt and Pt alloy NPs at different stages of fuel cell 
cycling, for which the best way would be performing in-situ voltage cycling of the MEAs 
inside the TEM. However, operating a fuel cell inside the microscope is extremely 
challenging, considering the simultaneous presence of hydrogen and oxygen (or nitrogen) 
on the anode and cathode side of the MEA inside the microscope. So the closest approach 
to an in-situ experiment will be used herein. For this purpose a set-up was developed to 
simulate the effect of voltage cycling on the cathode side of the fuel cell outside of the 
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microscope. In this set up, catalysts NPs supported on carbon are deposited on gold TEM 
grids attached to a gold plate, which are used as a working electrode in a three electrode 
electrochemical cell. The TEM grids are cycled in N2 saturated 0.1 HClO4 liquid 
electrolyte for a different number of cycles. In this fashion, pre-defined locations of the 
electrocatalyst on the TEM grid are analyzed before and after cycling using aberration 
corrected TEM imaging. Performing this experiment on Pt NPs supported on carbon black 
and carbon nanotubes (CNTs) can provide direct evidence for the degradation mechanisms 
of Pt NPs, as well as information on the effect of voltage cycling and the type of carbon 
substrate on the behavior of NPs. They can also verify whether an applied voltage results 
in particle movement on the carbon support and how single atoms and atomic clusters play 
a role on particle coalescence. By performing the same experiment on Pt3Co and PtNi 
nanocatalysts and comparing the atomic structure and composition within identical 
individual NPs before and after voltage cycling, the effect of alloying on the degradation 
mechanism will be investigated.  
  
1.3 Objectives and Main Contributions 
1.3.1 Objectives 
To address the aforementioned issues, the primary objective of this work is to 
fundamentally understand the dominant mechanisms that influence the loss of 
electrochemically active surface area of Pt and Pt-alloy nanocatalysts in the cathode of 
PEMFC. In particular, the objectives of this dissertation are as follows: 
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1- Determine whether modified Ostwald ripening, or particle movement and 
coalescence, dominate particle growth within the cathode of a PEMFC.  
2- In case of coalescence, determine whether and how the applied voltage can lead to 
particle movement and consequently coalescence and understand the effect of the 
type of carbon support. 
3- In case of Ostwald ripening, understand the mechanism of atomic deposition on the 
particles and determine if single atoms deposit homogenously on the surface of 
particles and/or atomic clusters form between the particles and consequently bridge 
them.  
4- Understand the degradation mechanism of Pt alloy nanocatalysts and determine 
how voltage cycling affects the atomic structure and composition distribution of Pt-
alloyed catalysts, which in turn influence the degradation mechanism of the cathode 
in the fuel cell.  
 
1.3.2 Main Contributions 
The main contributions of this dissertation are as follows: 
1. Transmission electron microscopy characterization of Pt3Co nanocatalysts on the 
cathode side of the MEA, after potential cycling under different operation 
conditions, namely baseline, low humidity, high voltage and high temperature. In 
this fashion, the mean particle size, particle loss from the cathode, particle 
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precipitation in the membrane, and chemical/morphological analysis throughout 
the cathode was obtained to address the dominant degradation mechanism. 
 
2. Development of an experimental set up to determine the behavior of  Pt NPs before 
and after various stages of potential cycling. This is achieved by replicating on a 
TEM grid the effect of potential cycling on the cathode of a fuel cell in a three 
electrode electrochemical cell in the presence of liquid electrolyte.  Using this 
approach, it is possible, for the first time, to track the behavior of a single 
nanoparticle during voltage cycling on the atomic scale. Pt NPs supported on 
carbon nanotubes are used for this part due to their simpler 2-D morphology 
compared to the more complex 3-D structure of carbon black. However, Pt NPs 
supported on carbon black are also investigated using this approach. The TEM 
observations are performed using phase contrast imaging in aberration corrected 
instruments operated at 200 KV and 80 KV providing sub-Angstrom resolution and 
thus allows single atomic columns to be clearly identified within each NP.  
 
3. Revealing the surface area loss mechanisms, surface evolution and phase 
segregation of Pt alloys such as PtNi and Pt3Co NPs supported on amorphous 
carbon during electrochemical potential cycling, using aberration corrected 
scanning transmission electron microscopy (STEM) and energy dispersive 
spectroscopy (EDS).  
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1.4 Organization of the Dissertation 
The dissertation is organized as follows: 
 In chapter 2, the current state of understanding is presented. The chapter starts with 
an introduction to the fuel cells and their basic theoretical background. Thereafter, proton 
exchange membrane fuel cells and their components, specifically the catalyst layer and its 
requirements and challenges are explained. The catalyst degradation and different methods 
of electrocatalysts testing are then discussed. The mechanisms of nanocatalysts surface 
area loss, theoretical analysis of nanoparticle coalescence, and degradation mechanisms of 
Pt-alloy nanocatalysts are also discussed. At the end, the recent studies on the effect of 
operating conditions on fuel cell degradation are explained. In summary, this chapter 
focuses on findings from the literature related to the durability of catalyst layer in proton 
exchange membrane fuel cells. 
In chapter 3, the general experimental methods used for this work are presented. In 
particular, single cell evaluation test, cyclic voltammetry, and determination of 
electrochemically active surface area are explained. Subsequently, scanning/transmission 
electron microscopy, which was extensively used in this work, is presented. At the end, the 
identical location transmission electron microscopy is introduced and explained in detail.   
Chapter 4 presents the post mortem TEM study of the cathode and membrane of 
MEAs after fuel cell potential cycling under different operating conditions. Through this 
study, the dominant degradation mechanisms are revealed and new surface area loss 
mechanisms are proposed and validated.  
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The focus of chapter 5 is on determining the behavior of Pt NPs at various stages 
of fuel cell cycling with the purpose of understanding and obtaining direct evidence about 
the degradation mechanisms. For this purpose the results of identical location TEM studies 
on Pt nanoparticles supported on carbon nanotubes and amorphous carbon are presented 
and analyzed. Subsequently the fundamentals behind particle movement and coalescence 
and particle dissolution and re-deposition are discussed.  
In Chapter 6, the effect of alloying on the degradation of nanocatalysts is studied. 
For this purpose, the results of identical location STEM studies on Pt alloy nanocatalysts, 
such as Pt-Ni and Pt-Co are discussed. Subsequently, the surface evolution and 
composition distribution of the alloyed nanocatalysts before and after potential cycling is 
analyzed.  
Lastly, chapter 7 presents the final conclusions from this study and provides some 
recommendations for future work. 
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 Chapter 2:  State of Understanding 
 
2.1 Introduction  
The demand for renewable energy is globally on the rise, while the concern toward 
pollution and potentially hazardous forms of power generation is increasing. To reduce our 
dependence on oil as the primary transportation fuel source, and to address environmental 
concerns associated with the use of fossil energy carriers, the development of clean, secure, 
and sustainable energy is becoming increasingly important. Compared to other energy 
generation technologies such as reciprocating engines and gas turbines, fuel cells are 
efficient and generate virtually no pollution such as nitrogen oxide (NOx), sulfur oxide 
(SOx), or particulate matter (PM10), while dramatically reduce carbon dioxide (CO2). In 
addition, with availability ratings better than 90%, fuel cells are not hampered by external 
influences such as time of day or weather that affect other environmentally-friendly 
technologies, such as wind turbines and solar power. 
2.2 Principles of Fuel Cells  
In the most basic description, fuel cell is an electrochemical cell that has reactants supplied 
from an external source. This electrochemical cell consists of two electrodes, an anode, a 
cathode, and an ion-conducting electrolyte. The reactants (oxidant and reductant, normally 
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referred to as the fuel) are supplied to the electrodes and then react chemically to produce 
electrical energy. This can be distinguished from a battery, which is also an electrochemical 
cell, but the reactants are contained inside the cell [15]–[17]. In the case of a battery, once 
the reactants are consumed during the energy producing reaction, the battery must either 
be recharged (by connecting to an external electrical energy source) or replaced. In 
contrast, a fuel cell will operate continuously as long as reactants are supplied externally, 
or the fuel cell will degrade or fail. In other word, fuel cells can also be considered as 
energy-converting devices, converting chemical energy into electrical energy. There are 
different types of fuel cells based on the electrolyte used, namely; (i) proton exchange 
membrane fuel cells (PEMFC), (ii) alkaline fuel cells (AFC), (iii) phosphoric acid fuel cells 
(PAFC), (iv) molten carbonate fuel cells (MCFC), and (v) solid-oxide fuel cells (SOFC). 
While all types of fuel cells work based on similar electrochemical principles, their 
operating temperature range, type of fuel and oxidant, catalyst materials and performance 
characteristics differ from each other [15], [18], [19].  Among all types, PEMFCs appear 
uniquely suited for portable and transportation applications due to their high energy/power 
density and low operating temperature. 
The overall reaction of a PEM fuel cell is based on the combustion reaction of oxygen and 
hydrogen, but by separating the half reactions, the chemical energy stored in the reactants 
can be converted to electrical energy. Hydrogen oxidation reaction (HOR) occurs in the 
anode, which produces protons and electrons. The protons and electrons are transported to 
the cathode through the membrane and the external circuit, respectively. Inside the cathode, 
oxygen reduction reaction (ORR) occurs where oxygen reacts with the protons and 
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electrons to produce water and heat. The electrons traveling through the external circuit 
produce a current or electrical energy[15]–[17]. Figure 2-1 shows a basic illustration of a 
fuel cell operation. The electrochemical reactions in a PEM fuel cell can be expressed as 
follows:  
 
Anode reaction: 2H 2 → 4H++ 4e-                                                                                  (2.1) 
Cathode reaction: O2 + 4H
+ + 4e- → 2H2O                                                                    (2.2) 
Overall reaction: 2 H2 + O2 → 2H2O                                                                             (2.3) 
2.2.1 PEM Fuel Cell Components  
The main part of a fuel cell is a membrane electrode assembly (MEA) which consist of 
anode gas diffusion layer (GDL), anode catalyst layer (CL), proton exchange membrane 
(PEM), cathode CL, cathode GDL, as shown in Figure 2-2.    
The gas diffusion layer (electrode backing) is placed in contact with the catalytic active 
layer. The GDL is usually prepared by depositing a mixture of carbon powder and 
polytetrafluoroethylene (PTFE) onto a carbon paper or carbon cloth. The carbon materials 
provide electronic conductivity for the GDL, while the PTFE helps to adjust the 
hydrophobicity of the GDL, ensuring fast liquid and gas transfer during cell operation [16]. 
Oxygen reduction and Hydrogen oxidation reactions take place at the catalytic active layers 
which are attached to either side of the membrane. Noble metals or noble metal alloys are 
used in the CL of PEMFC.  
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Figure 2-1 Basic illustration on a fuel cell operation 
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Figure 2-2 Schematic of a PEM fuel cell component 
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The heart of the PEM fuel cell is the proton exchange membrane, which serves as 
a pathway for the protons to be transferred from the anode to the cathode. In addition, the 
membrane also separate the fuel and oxidant gas phases and electronically insulates the 
cathode from the anode. Nafion, which is a sulfonated perfluorinated polymer is currently 
the commercially available membrane. The sulfonic acid (SO3H) groups on the side chains 
of this polymer allow the protons or other cations to hop from one acid site to another, in 
the presence of water [20], [21].  
2.3 Electrocatalysts  
As HOR and ORR kinetics are too sluggish, catalysts are required to promote the 
reactions to happen at a proper rate. The cathode and anode catalytic active layers are placed 
on either side of the membrane. Three interfaces are required for the catalyst sites to be 
electrochemically active: (i) Pt catalyst surface, electrically connected to the external path 
to provide electron transport paths; (ii) ionomer or electrolyte contact to transport protons; 
and (iii) reactant gas phase access [16]. Typically, Pt or Pt alloy nanoparticles supported 
on carbon are used as the electrocatalysts for PEMFC. The carbon support ensures electron 
conductivity throughout the whole electroactive layer. It also provides the highest possible 
catalyst dispersion and electroactive catalyst surface [22].  Usually, liquid Nafion, which 
is the ionomer phase, is impregnated into the catalyst layer to provide an ion transport path 
for the protons inside the anode and cathode.  The porous system enables the gas to access 
the electrocatalyst surfaces and provides a path for the removal of the byproduct water from 
the electrode.  
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2.4 Approaches for Less Expensive Catalysts 
2.4.1 Pt Alloy Catalysts  
Alloying Pt with less noble elements has been considered to increase the oxygen 
reduction activity in phosphoric acid fuel cells since 1970 [23]. In 1990s, when PEMFCs 
became more popular, various binary Pt-M (M = Ni, Cr, Co) ordered structure alloys have 
been discovered  to show 2-5 times enhanced catalytic activity for ORR in PEMFC [2], [5], 
[24], [25]. To understand the reasons behind the catalysts activity enhancement in Pt alloys, 
different approaches, including modeling the catalyst surfaces and atomic structure were 
used. Using these approaches made it possible to predict new surfaces that show even 
greater activity for oxygen reduction reactions. Ross and Markovic characterized the 
surfaces of a series of bulk Pt3M (M = V, Ti, Fe, Co, Ni) polycrystalline alloys by surface 
techniques [5]. They found a strong correlation between the composition of the surface and 
their post-treatment after synthesis. They showed that the samples that had been annealed 
in vacuum had Pt-rich skin due to the segregation of Pt to the surfaces, while the 
composition of the surfaces sputtered with Ar was similar to the bulk. This segregation has 
been predicted by density functional theory (DFT) calculations of Pt alloys by Norskov’s 
group [26]. The Pt-rich surfaces over PtFe and PtCo showed the most active catalyst in 
diluted acid environment. A shift of the d-band center of Pt was found to be responsible 
for the enhancement in the catalytic activity as measured using ultra-violet photoelectron 
spectroscopy (UPS). As a result of the shift in the d-band center, the bonding between Pt 
and OH groups on the surface of the catalyst becomes weaker, which in turn results in a 
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reduction in OH coverage. This will lead to a greater number of sites to be available for 
oxygen adsorption, dissociation, and reduction. In a different paper, Markovich et al. 
measured the Pt3Ni activity of low index planes, showing an activity ranking of (100) < 
(110) << (111). The activity enhancement was attributed to a large shift in the d-band center 
[27].  
Norskov's research group has shown that the strength of the catalyst-oxygen bond 
is found to be a key factor predicting the ORR activity of the catalyst resulting in a volcano 
plot (see Figure 2-3) [28]. Alloy compositions with intermediate metal-oxygen binding 
energy have the highest activity due to the slow removal of adsorbed O and OH species. 
Higher O binding energies results in a decrease in the activity due to the slow removal of 
adsorbed O and OH species; whereas lower O binding energies lead to low O2 dissociation 
rates and protonation of absorbed O2, which also decreases the catalytic activity [26], [29]–
[31]. 
In a different work, it has been shown that the ORR activity of Pt alloys can be 
increased by 2-10 times relative to that of pure Pt by developing Pt-rich surfaces via acid 
leaching of less noble alloying elements and high temperature annealing [27], [32]–[37]. 
Recently, Patrick et al. used aberration corrected scanning transmission electron 
microscopy (STEM) to analyze the atomic structure of acid leached and high temperature 
annealed Pt3Co nanoparticles [36] They showed that acid leached particles exhibited a solid 
solution structure with heterogeneous composition, while annealed Pt3Co particles showed 
three atomic layers rich in Pt on the surface. 
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Figure 2-3 Trends in oxygen reduction activity of bulk Pt and Pt3M as a function of oxygen 
binding energy 
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2.4.2 Pt Core-Shell Catalysts  
As discussed above, the increased activity of Pt alloy is related to changes in the 
Pt–Pt bond distance at the surface of the catalysts and the ligand effect of the near surface 
structure, which results in a shift in the d-band center of Pt.  The significant effect of the 
surface composition and the near surface structure on the catalytic performance lead to a 
large interest in developing a heterogeneous core-shell structure for the catalyst materials. 
Alloying Pt with less noble elements in a core-shell structure, not only increase the ORR 
activity due to the electronic interaction of the Pt surface atoms with the underlying 
elements, but also reduce the cost considerably by the use of a low cost element in the core. 
In addition, the less noble metal in the core will be protected from dissolution, by the Pt 
shell on the surface of the catalyst.  
Different approaches have been used to achieve this unique structure. One of these 
approaches that has been pioneered by the group of Adzic at Brookhaven National 
Laboratory is the galvanic displacement of the surface element [30], [31], [38], [39]. This 
approach argues that Pt only needs to be at the surface because only surfaces of 
nanoparticles actually participate in the catalysis. Following this strategy, Pt monolayers 
were deposited onto non-Pt substrates using galvanic displacement of copper electrodeposits 
with platinum (Figure 2-4a). The resulting catalysts have shown very high intrinsic surface 
electrocatalytic activity for ORR, with a double-digit Pt-mass based activity gain. 
Koh and Strasser [40], [41] and Srivastava et al. [42] have reported an alternative 
approach to achieve core-shell structures. They prepared a series of carbon supported Pt 
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Figure 2-4 Surface modification through a) galvanic displacement, and b) selective 
dissolution 
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alloys with high concentration of transition metal (>> 50 atomic %) and then 
electrochemically leached out the transition metal from the surface by electrochemical 
cycling until 1.2 V vs RHE in an acid environment (Figure2-4b). Using this approach, the 
majority of the transition metal was dissolved into the electrolyte, presumably producing 
multilayer thick Pt-rich shell on the surface of an alloy cores with reduced transition-metal 
content. The leached catalysts were found to have oxygen reduction activities significantly 
higher than Pt. In particular, Pt25Cu75 catalysts exposed to leaching in an acid environment 
showed mass activities up to five times higher than that of of Pt. Characterization of the 
leached catalysts showed that much of the Cu was removed during the leaching, leaving a 
pseudo core-shell structure with a PtCu alloy core surrounded by a skeletal Pt shell. 
2.5 Cathode degradation  
The durability of the fuel cell remains a main challenge in fuel cell commercialization. 
Achieving the DOE lifetime goal of 5000 hours requires a fundamental understanding of the 
degradation mechanisms. Cathode degradation is the main contributor to the fuel cell 
performance degradation. Many studies in the past several years have related the cathode 
degradation to the morphological changes of nanocatalysts and claimed that the main cause of 
PEMFC degradation is the loss of electrochemically active surface area (ECA) of the 
nanocatalysts in the cathode. 
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2.5.1 Cathode Degradation Testing  
In order to assess the degradation of fuel cell components including the 
electrocatalysts, several accelerated stress test (AST) protocols have been previously 
developed [14], [43], [44]. These ASTs can be performed either ex situ in a classical three-
electrode electrochemical cell using liquid electrolytes (half-cell) [14], [43], [45], [46], or 
in situ in PEMFCs (single-cell). In the first technique, the electrocatalyst material is 
evaluated as a thin layer on a bulk electrode (e.g., glassy carbon) in dilute liquid electrolyte 
(e.g., H2SO4) either as a static electrode or an RDE. There has been a lot of discussion on 
the most appropriate electrolyte to use. In general, dilute perchloric acid (HClO4) is 
preferred, as it is the closest to the perfluorosulfonic acid ionomer (typically Nafion) used 
in the catalyst layer of a PEM fuel cell, due to its noncoordinating nature. 
Trifluoromethylsulfonic acid (CF3SO3H) can be used as an alternative as it mimics 
perfluorosulfonic acids closely, but there are relatively few studies with this acid [47]. 
The second approach is to test catalysts as layers in full MEA structures. This has 
the advantage of testing catalysts under realistic conditions and in realistic environments. 
Although the durability test in PEMFCs provides an invaluable insight into the degradation 
of the fuel cells, it is difficult to separate the contribution of other components such as 
membrane and gas diffusion layer. ASTs in three-electrode electrochemical cells have the 
advantage of being less expensive and allow the ability to provide controlled information 
on the degradation of the catalytic layer excluding any contribution from other parts of the 
PEMFC.  In fact, several studies have shown a good agreement between the ECA loss 
mechanisms and half-cell durability tests [48], [49]. 
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2.5.2 Mechanisms of Catalyst Surface Area Loss  
Electrochemically active surface area (ECA) is defined as the total Pt surface area 
that electrochemically contributes to the ORR divided by the total mass of Pt, and has the 
units of m2/gpt. Since the ORR reactions occurs on the surface of the nanocatalysts, larger 
ECA indicates more catalyst sites available for the reactions to happen. This consequently 
results in higher efficiency of the fuel cell. According to the definition of ECA, it has 
inverse proportionality with particle size. For example, considering a spherical particle 
with diameter d, the ratio of surface area to total mass leads to a scalar multiplied by 1/d. 
Moreover, the nanocatalysts are considered active in the electrochemical reactions only 
when they are in contact with the carbon support, which serves as the electronic conducting 
phase in the cathode. Therefore, the ECA loss could result from a loss in mass of the 
catalysts or an increase in particle size. Mass loss from the carbon support occurs through 
two mechanisms, namely detachment from the carbon support and dissolution and re-
precipitation (D&R) in the ion conductive phase (either ionomer in the catalyst layer or 
membrane). Regarding particle growth, two mechanisms are known, namely particle 
migration and coalescence, as well as modified electrochemical Ostwald ripening 
(MEOR). These four abovementioned mechanisms are affected by various parameters such 
as initial particle size, operation conditions and synthesis process.  
2.5.2.1 Detachment from the carbon support 
Nanocatalyst detachment from carbon support could also lead to ECA loss due to 
the fact that Pt particles can only contribute to the ORR when they are in contact with the 
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carbon support, as illustrated in Figure 2-5. The primary cause of detachment from the 
carbon support is carbon corrosion, which is commonly observed in a electrochemical 
system. Once this happens, particles may fall off the carbon and thus would not contribute 
to the ORR. The electrochemical oxidation of carbon is thermodynamically possible above 
0.2 V, according to Eastwood et al. [50]. Moreover, Willsau et al. [51] have demonstrated 
that under the presence of Pt, the reaction between carbon and oxygen will lead to the 
formation of CO and vacancies on the carbon support when the potential is higher than 
0.3V vs RHE, and the CO could be further oxidized to CO2 at potentials between 0.6V to 
0.8V vs RHE. These reactions results in the shrinkage of carbon support and lead the Pt 
particles to lose their contact with carbon support, which is the electron conductive phase. 
This in turn will decrease the ECA of the nanocatalysts in the cathode of the PEMFC. The 
rate of carbon corrosion is influenced by many factors, such as catalyst loading, potential 
and temperature. Stevens et al. [52] have demonstrated that under PEMFC conditions, the 
rate of carbon corrosion increases with increasing Pt loading in the cathode, which is due 
to an increase in interfacial area between Pt and the carbon support, as well as the fact that 
Pt nanoparticles also catalyzes carbon corrosion and ORR.  Moreover, they also reported 
that the increasing temperature increases the rate of carbon corrosion [52]. Stevens et al. 
[53] have also shown that in addition to Pt loading and temperature, the carbon corrosion 
is also affected by the surface chemistry of carbon support. They reported that graphitized 
carbon support with the same surface area and Pt loadings showed better stability than 
ungraphitized carbon support. 
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2.5.2.2 Dissolution and re-precipitation (D&R) in the ion conductor 
Particle dissolution and re-precipitation mechanism involves three steps: 
dissolution of Pt from the particles into Pt ions, diffusion of Pt ions in the ionomer and 
finally re-precipitation of Pt ions in the ionomer phase by crossover hydrogen from the 
anode side (Figure 2-6). The Pt particles can be precipitated either on the ionomer phase 
inside the cathode or on the membrane. Yasuda et al. [54] showed the formation of Pt single 
crystals ranging from 10nm-100nm inside the membrane after potential cycling of the 
PEMFC. Guilminot et al. [55] demonstrated that the mass distribution of the precipitated 
Pt particles in the membrane differs across the membrane based on the distance to the 
cathode, i.e. the particles closer to the cathode are larger than the ones far from the cathode. 
In order to investigate if the electron beam in SEM and TEM affect the electrochemical 
reduction of Pt ions to Pt single crystals, ultraviolet (UV) spectroscopy was used and 
confirmed that the precipitated particles were formed during potential cycling of the MEAs 
[56]. Moreover, according to Zhang et al. [57] hydrogen and oxygen partial pressures in 
the fuel cell indicate the position of the re-precipitated particles inside the membrane. They 
showed that the distance of the Pt band in the membrane decreases as the hydrogen partial 
pressure increases.  
Ferreira et al. [9] have demonstrated that there are different morphologies of the 
particles precipitated in the membrane such as dendritic shapes, truncated octahedra, 
truncated cuboids and truncated tetrahedra, based on the homogeneity of the driving force. 
The driving force for re-precipitation is the supersaturation of Pt ions. The balance between 
the surface energy and interfacial kinetics of Pt ion reduction controls the shape of the  
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Figure 2-5 Schematic of particle detachment from carbon support 
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Figure 2-6 Schematic of particle dissolution and re-precipitation (D&R) mechanism. 
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precipitated particles. The formation of dendritic particles is due to the fact that the 
interfacial kinetics for reduction of Ptx+ ions on the growing surface is fast when comparing 
to the diffusion of Pt ions to the surface of the dendritic particles. On the other hand, the 
formation of faceted Pt particles in the cathode-membrane area is due to the fact that the 
diffusion of Pt ions is faster than the interfacial kinetics of Pt re-deposition. Shao-Horn et 
al. [6] showed that these particles not only appear in the membrane but also in the ionomer             
phase where no carbon was observed. The amount of precipitation inside the cathode 
increases in the areas closer to the cathode/membrane interface. This could be explained 
by the higher pressure of crossover hydrogen in the cathode/membrane interface than in 
the middle of the cathode area. The precipitated particles, both dendritic and faceted 
morphology either inside the cathode on the ionomer phase or in the membrane are single 
crystals, as confirmed by the TEM electron diffraction [6]. 
2.5.2.3 Modified Electrochemical Ostwald Ripening  
According to Guilminot [55], the Ostwald Ripening process in fuel cells could be classified 
into two categories, namely 2D Ostwald Ripening and 3D Ostwald Ripening (modified 
electrochemical Ostwald Ripening (MEOR)). While 2D Ostwald ripening defines simply 
as the transport of single atoms from smaller particles to larger ones, 3D Ostwald ripening, 
as illustrated in Figure 2-7, involves three steps including 1- electrochemical oxidation of 
Pt in the small particles to form Pt ions, 2- diffusion of Pt ions into the ionomer phase, and 
3- re-deposition of ions onto larger particles through electrochemical reduction. The 
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modified Ostwald ripening is known to play a significant role in surface area loss and is 
thus more widely studied.   
Different mechanisms have been proposed for Pt dissolution. According to 
Gasteiger et al.[58], increasing the potential to the Pt oxide region during anodic voltage 
sweep results in the formation of Pt oxide surface layers, which would in turn lead to the 
oxidation of Pt to Pt ions. While Darling et al. [59] proposed that a pure chemical reaction 
(2.4) results in the Pt dissolution, Johnson et al [60] believes that electrochemical reduction 
reaction of PtO2 (2.5) will lead to the formation of Pt ions during the anodic potential 
sweep. PtO2 in reaction (2.5) arises from the oxidation of Pt surface layers.  
PtO + 2H+  →  Pt2+ + H2O                                                                                                      (2.4) 
PtO2 + 4H
++2e  →  Pt2+ + 2H2O                                                                                               (2.5) 
As discussed above, the reason for the dissolution process is not fully understood. 
It could be a pure electrochemical process or a mix of chemical and electrochemical 
processes. If it is an electrochemical process, the dissolution rate should be significantly 
influenced by the potential. If it is a combination of chemical and electrochemical 
processes, the dissolution rate should be determined by conditions other than potential, 
such as temperature or humidity [61]. Uchimura et al. [62] have reported that the 
dissolution of Pt to Pt ions could be accelerated by increasing the upper potential limits or 
decreasing the lower potential limits, while Paik et al. [63] have reported that a higher 
frequency of potential cycling could also accelerate the dissolution of Pt into Pt ions.  
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Ferreira et al. [6] claimed that the significance of the MEOR in the degradation 
varies in different locations across the cathode using particle sizes distributions (PSDs) of 
Pt or Pt-alloy in the cathode as the evidence for Ostwald ripening. They showed that near 
the cathode-membrane interface, Ostwald ripening is more severe than in the areas far from 
membrane, due to the larger amount of crossover hydrogen from the anode side.   
Previous to that, Granqvist et al. [64] illustrated the impact of Ostwald ripening on 
the PSDs and ECA loss by comparison between the results of the X-ray and TEM. They 
showed that if Ostwald ripening is the main mechanism of particle growth, the PSDs of the 
MEAs after potential cycling show a tail to smaller particles and a maximum particle size 
cut off as illustrated in Figure 2-8. Accordingly, this specific characterization of the PSDs 
has been widely used to analyze the surface area loss mechanisms in post mortem studies 
of PEMFCs. In this way, the degradation mechanism of the nanocatalysts is determined 
based on a comparison between the PSDs of the MEAs after potentials cycling and the 
theoretical models.  However, there are still several challenges in utilizing this approach.  
First, there are usually more than one mechanism contributing simultaneously to the 
surface area loss during fuel cell potential cycling. Second, the determined PSDs of the 
nanocatalysts and the theoretical models might not reach the asymptotic limit. This is more 
sever when the PSDs are determined based on TEM data with a limited number of particles 
analyzed. Third, overlapping particles with unclear edges render a bias in the 
experimentally determined PSDs. 
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Figure 2-7 Schematic of modified electrochemical Ostwald ripening (MEOR). 
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Figure 2-8 Theoretical model for the PSDs of single mode mechanism of particle migration 
and coalescence, and Ostwald ripening. 
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2.5.2.4 Particle Migration and Coalescence (PMC)  
As illustrated in Figure 2-9, this mechanism involves moving of two or more 
particles on the carbon support, followed by contact onto each other and coalescence into 
one single particle.  
According to classical theory, the diffusion of adatoms on the surface of a metal 
nanoparticle can lead to the movement of the mass center of the nanoparticle. Accordingly, 
the collective result from the diffusion of surface atoms over time can result in particle 
migration [65]. The theoretical models, which correlate the diffusion of surface atoms and 
particle movement, predict the possibility of movement of small particles. Increasing the 
size however, decreases the particle mobility significantly.  
In situ electron microscopy has been extensively used to provide direct observation 
of particle mobility.  Hansent et al, studied 3 nm Pt nanoparticles supported on SiO2 with 
the average of 5 nm distance  under 560 Pa of O2 at 550 °C for up to 10 h in an 
environmental transmission electron microscope. During their observation for about 10 h, 
they did not observe significant change in the number of particles per unit area, ruling out 
PMC as being responsible. Simonsen et al. [66] performed similar experiments and they 
found coalescence merely happening at neighboring islands. So they found Ostwald 
ripening as a responsible mechanism for sintering of 2-5 nm size Pt nanoparticles. A similar 
conclusion was reached by Asoro et al. [67] using in situ heating transmission electron 
microscopy on Pt nanoparticles, observing no particle migration up to 800 C.  
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Figure 2-9 Schematic of particle migration and coalescence (PMC) mechanism 
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Shao-Horn et al. [61] claimed that PMC serves as the primary degradation 
mechanism at low upper potentials, since the kinetics for carbon corrosion and Pt 
dissolution are both slow. Schlogl et al. [68] observed the evidence for particle coalescence 
using identical location transmission electron microscopy to illustrate the PMC model in 
the PEMFC environment. Although they observed the presence of coalesced particles in 
the same area after potential cycling, they could not rule out the possibility that these 
coalesced particles may result from particle dissolution and re-deposition.  
Granqvist et al. [64] used the PSDs of the nanoparticles in the MEAs to determine 
the particle growth mechanism. They predicted that the PSD of the catalysts after potential 
cycling illustrate a tale to larger particle size, if particle migration and coalescence is solely 
responsible for catalyst surface area loss. In contrast, Ferreira et al. [6] have shown that in 
the PSDs with tails to large particle sizes, most of the particles larger than 10nm were located 
off the carbon support area, indicating that these particles are formed by dissolution & re-
precipitation. Shao-Horn et al. [61] demonstrated that the Brownian motion of Pt NPs under 
ideal PEMFC environment is too low to be responsible for particle growth. 
In summary, although particle migration and coalescence should not be ruled out, 
direct evidence is needed to determine if it plays a significant role in the degradation of 
catalysts during potential cycling. 
In order to explain the coalescence of nanoparticles, a simple model consisting of 
two spherical particles of the same size can be considered. This model, which is known as 
the two-particle sintering model is shown in Figure 2-10. 
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 Reducing the chemical potential at the interface of two particles is the driving force 
for neck growth at the early stages of coalescence. Possible mass transport mechanisms for 
neck growth include grain boundary diffusion, surface diffusion, lattice diffusion, as well 
as deformation. Considering the large stress required for plastic flow in a face centered 
cubic nanoparticle, it is unlikely that plastic deformation will contribute significantly to the 
neck growth[69]. Thus, the diffusion mechanisms are more likely to dominate the sintering 
behavior of nanoparticles. According to Kuczynski et al. [70] the surface diffusion 
mechanism will be predominant at lower temperatures especially for small particles due to 
their larger surface atom-to-volume atom ratios. In addition, the surface diffusivity for FCC 
metals is at least many orders of magnitude larger than the other diffusivities at lower 
temperatures [71].  
For surface diffusion, the change in neck radius, x with time, t for a given particle 
radius, a and temperature, T is given by the following expression [70], [72]. 
                    
𝑥7 =
56Ωa3𝛾𝑠𝐷𝑠𝛿𝑠𝑡
𝑘𝑇
                                                                                                            (2.6) 
 
where Ω is the atomic volume, γs the surface energy, Ds the surface diffusivity, δs the 
surface diffusive width and k the Boltzmann’s constant.  
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Figure 2-10 Two particle model of sintering between two spherical nanoparticles of radius 
a, with an interparticle distance, L. x is the neck radius and ψ is the dihedral angle. 
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Whereas surface diffusion dominates the early stages of low temperature sintering 
of FCC nanoparticles, the latter stages of sintering are dominated by grain boundary-driven 
coarsening [73]. The measurement of the dihedral angle, ψ allows us to determine the onset 
of particle coarsening. At equilibrium, the dihedral angle can be obtained from the 
following expression: 
𝛾𝑔𝑏 = 2𝛾𝑠 cos
𝜓
2
                                                                    (2.7) 
 
where γgb is the grain boundary energy and γs is the surface energy. Neck growth is 
dominant when ψ < ψeq, whereas coarsening due to grain boundary motion is expected to 
dominate as the equilibrium dihedral angle is approached, which occurs during the latter 
stages of sintering. For curvature-driven grain boundary motion, the velocity of the grain 
boundary, v is given by the expression: 
 
𝑣 = 𝑀 (
∆𝐺
𝑉𝑚
−
𝛾𝑔𝑏⋅𝑑𝐴
𝑉𝑚
)                                                        (2.8) 
where M is the mobility, ΔG/Vm is the driving force, Vm is the molar volume and ΔG is 
given by: 
 
∆𝐺 =
2𝛾𝑔𝑏⋅𝑉𝑚
𝑎
                                                                    (2.9) 
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where γgb is the grain boundary energy and a is the radius of the nanoparticle. The 
additional term (γgb·dA/Vm) in equation (2.8) is due to the increase in grain boundary area, 
dA, as the boundary moves from point A to point B (Figure 2-11). On this basis, equation 
(2.8) can be rewritten as: 
 
𝑣 = 𝑀 (
2𝛾𝑔𝑏
𝑎
−
𝛾𝑔𝑏⋅𝑑𝐴
𝑉𝑚
)                                                     (2.10) 
 
Therefore, from measurements of the boundary velocity and the increase in grain 
boundary area, the grain boundary mobility, M, which is a measure of the ease with which 
atoms can transition from one grain to another, can be determined. The boundary velocity 
can be calculated from the ratio of distance traveled by the boundary to the time taken for 
the boundary motion. The increase in grain boundary area, dA is calculated from the 
difference in boundary area assuming a circular boundary. This is a reasonable assumption 
for spherical particles as the boundary between two spheres is a circle. Thus, dA is given 
by: 
𝑑𝐴 =
𝜋
4
(𝐺𝑓
2 − 𝐺𝑖
2)                                                      (2.11) 
 
 where Gi and Gf are the initial and final grain boundary diameters. 
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Figure 2-11 Schematic showing curvature-driven boundary motion during the later stages 
of sintering. Atoms move across the boundary from the particle on the right to the left 
particle, resulting in a boundary motion from point A to B. 
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2.5.3 Degradation of Pt Alloy nanocatalysts 
Although Pt-alloy catalysts seems to offer a feasible route to enhance catalytic 
activity and lower the PEMFC cost, they create new challenges too. Achieving a small 
particle size distribution and high surface area dispersion of the catalysts on carbon support 
is a challenging process for Pt-alloys compared to pure Pt. moreover, Pt-alloy catalysts 
contain transition metals in their structure such as Co, Cr, Fe, Ni, and Ti, which are prone 
to leaching out the catalyst particles and thus can poison the PEMFC. The mixed-
composition of Pt-alloy catalysts may make them more susceptible to accelerated 
degradation, corrosion, and deactivation.  
 In order to restrict transition metal leaching, researchers have introduced a de-
alloying process, designed to remove the less noble metal which is poorly alloyed to the Pt 
prior to MEA preparation [74]. De-alloying of Pt-alloy catalysts not only reduce poisoning 
rate in the fuel cell, but in some cases, the de-alloyed catalysts show higher ORR activities. 
It has been shown in the literature that a superior activity can be achieved when carbon 
supported Pt-alloys with transition metal content of more than 50 at% are electrochemically 
de-alloyed [41]. This can be done by using fast voltammetric cycling up to 1.2 V vs RHE. 
Using this method, most of the transition metal is dissolved to the electrolyte preferentially 
from the surface of the nanocatalysts, producing a core shell structure with lower 
concentration of transition metal. As it was explained before, the ligand effect from the 
transition metal in the core induce a lattice strain to the surface and results in a shift in the 
d-band center of Pt surface atoms. This effect would be reduced considerably if the 
thickness of the Pt-rich surface is more than four monolayer. In this case, the activity will 
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reduce to that of pure Pt. Therefore, the solubility of transition metal is the main challenge 
in Pt alloy durability. 
In contrast to Pt, transition metals on the surface of Pt alloys can easily dissolve 
when exposed to dilute acidic electrolytes. For instance, in case of Pt-Co, increasing Co 
loss during acid leaching with decreasing the particle size has been shown as indicative of 
Co solubility from the surface of the particles [75]–[78]. This was also demonstrated 
directly via low energy ion scattering on polycrystalline Pt– Co, Pt–Fe, and Pt–Ni bulk 
alloy surfaces before and after exposure to 0.1 M HClO4 [79]. Leaching of the transition 
metal from the surface of nanocrystalline Pt1−xFex and Pt1−xNix alloys (x = 0–1) after either 
acid or fuel cell operation was also found by X-ray photoelectron spectroscopy analysis in 
a PEMFC [80]. In another study on Pt1−xCox and Pt1−xMnx alloys (x = 0–1), it was 
demonstrated  that in bulk concentration of more than 60 at%, the dissolution of transition 
metal is constrained to the top surface layers, otherwise the dissolution proceeds into the 
bulk of the nanoparticles [80]–[82]. Recently, Patrick et al. used aberration corrected 
scanning transmission electron microscopy (STEM) to analyze the atomic structure of acid 
leached and high temperature annealed Pt3Co nanoparticles [36]. They showed that acid 
leached particles exhibited a solid solution structure with heterogeneous composition, 
while annealed Pt3Co particles showed three atomic layers rich in Pt on the surface. The 
percolated structure of acid-leached Pt–Co nanoparticles were also recently imaged by 
HRTEM [83]. Since transition-metal ions reduce PEMFC performance [4] by poisoning 
the membrane and disturbing the proton transport, Pt alloys are often exposed to acid 
leaching to remove the soluble transition metal. Dubau et al. have studied the decay 
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characteristic of Pt3Co alloy in a 16 cells –stack, showing a continuous dissolution of Co 
in the ionomer phase during operation, which resulted in a core-shell structure with a Pt-
enriched surface [13]. Chen et al. identified the increased thickness of Pt-rich surface layers 
as the main factor responsible for the degradation of acid-treated PtxCo catalyst after 
potential cycling [83] 
2.6 Effect of Operating Conditions on the Degradation 
The operating conditions for a fuel cell are highly dependent on the application and 
have a significant impact on the performance and durability. They will also have a 
significant impact on contamination effects. The conditions used in fuel cells today are 
typically those required by the fuel cells, but system developers desire different conditions 
to enhance system simplicity and reduce costs. The key drivers today are toward higher 
temperature and lower humidity conditions.  
2.6.1 Temperature  
The temperature at which a fuel cell operates has a strong influence on the performance 
and durability of the fuel cell. Typical fuel cell operation is in the range of 60 to 80°C, but 
increasing the operation temperature is advantageous as running at higher temperatures 
reduces the system cooling requirements and catalyst contamination issues. The 
relationship between temperature and performance is complex. An increased temperature 
drives increased kinetic activity for the oxygen reduction reaction (ORR); however, the 
reversible cell voltage decreases with increasing temperature [[16]. While the exchange 
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current density increases at higher temperatures [84], the water loss in the membrane and 
catalyst layer will also increase at higher temperature, which results in decreased ionomer 
conductivity and decreased performance. The fuel cell may need to operate over a wide 
temperature range, from subzero to close to or over 100°C. The low temperatures also lead 
to reduced proton conductivity and consequently increased ohmic losses, which impact 
performance. On the other hand, increased temperature generally results in reduced 
adsorption of contaminants and, therefore, increased tolerance to the presence of 
contaminants [84] However, increased temperatures can significantly reduce durability. 
Many of the components degrade according to mechanisms exhibiting Arrhenius behavior, 
in particular, the membrane and cathode materials [16]. Bi et al [85] studied the effect of 
temperature on the Pt/C catalyst degradation. They quantified the performance decay, loss 
of catalyst active surface area, and Pt deposition in the membrane at 40, 60, and 80 ֩C under 
squarewave potential cycling. They showed that the performance decay and ECA loss are 
accelerated at high temperature. Moreover, the amount of Pt loss to the membrane and 
consequently particle precipitation in the membrane increased by increasing the 
temperature.  
2.6.2 Humidity  
Water content is an essential requirement i the fuel cell to maintain the proton conductivity 
inside the membrane and catalyst layer ionomer. Thus, water management is one of the 
most critical challenge in fuel cell operation. However, the presence of liquid water restricts 
the oxygen transport to the catalyst layer which is detrimental to performance. In addition, 
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water droplets might disturb the gas flow, and consequently lead to oxygen starvation and 
low cell voltage in the fuel cell. Moreover, Water provides a critical transport path for the 
contaminants as it solubilize the impurities [86]. Once a cell is contaminated, operating 
with high water content can help the removal of the contaminants through a flushing 
behavior. While the membrane is typically negatively impacted by low humidity 
conditions, the catalyst layer durability is generally higher under low humidity conditions. 
Both particle dissolution and carbon corrosion are both accelerated under wetter 
conditions. Both carbon corrosion and particle dissolution and re-deposition are 
accelerated under high humidity. The effect of the humidity particle dissolution and ion 
transport in the ionomer has been studied by Bi et al [87]. Under high humidity conditions, 
the polymer electrolyte exhibits large and abundant water channel networks. This is 
analogous to the effect of humidity on the proton conductivity of the Nafion electrolyte, as 
the higher water content in the Nafion electrolyte results in higher mobility of protons in 
the membrane.  
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 Chapter 3: Experimental Methods 
This chapter focuses on the basics of the experimental methods, whereas a detailed 
description of the various experimental procedures are given in the corresponding chapters. 
In particular, first, single cell evaluation, cyclic voltammetry, and methods to determine 
the electrochemical active surface area (ECA) are presented. Then scanning/transmission 
electron microscopy (S/TEM), TEM sample preparation and finally identical location 
S/TEM are described. 
3.1 Single cell evaluation test 
The single cell test is a direct and effective method for the evaluation of catalyst 
layers and MEAs. The single cell evaluation requires a test station to measure and control 
various parameters during the test, such as temperature, pressure, humidity, and flow rates 
of the reactant gasses and coolant, in addition to the current and voltage of the fuel cell. As 
shown in Figure 3-1, a test station typically consists of a gas control station, fuel cell, load 
bank, data acquisition/control unit, and finally a control software. Regulation of the 
temperature, humidity, backpressure, and gas flowing rate is performed in the gas control 
station which is consist of gas meter and humidifier. The explosive gas leaking is detected 
and removed from the gas station by a safety unit. The humidifying the reactant gases are 
performed by directing the fuel gas to bubble through water until the desired humidity level 
is acquired. The load bank can apply several load mode for the test such as constant current, 
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voltage, and power.  The control unit which is also called the data acquisition unit is used 
to monitor and collect all date from the test station and fuel cell system [88].  
Figure 3-2 shows a schematic illustration of a fuel cell single cell which is the most 
important component of the test station [89]. A plastic plate is used to isolate the carbon 
plate/current collector and the end plate. Gaskets are used to seal the MEA. In order to seal 
the cell assembly, a pressure bladder which is controlled with nitrogen gas, is used. The 
cell heating is accomplished with a pair of heat tapes. The inner heat tapes which are glued 
onto the copper current collector plates, allow the cell to operate at the desired temperature 
[88]. 
3.2 Cyclic Voltammetry 
Cyclic voltammetry is the method for the initial investigation of an electrochemical 
system and has also been proven to be useful in obtaining information about complicated 
electrode reactions [90]. This electroanalytical technique is also referred to as 
“electrochemical spectroscopy” due to the fact that the potentials of occurring processes 
are determined. In this respect, faradaic processes involving charge transfer across the 
metal-solution interface, as well as nonfaradaic processes like adsorption and desorption 
can be observed. This technique is based on varying the applied potential at a working 
electrode (WE) by a specific scan rate, while the current is monitoring. During cyclic 
voltammetry, the potential E(t) of the working electrode is periodically sweep between a 
lower limit Emin and an upper limit Emax , through a triangular or square waveform. For the 
triangle waveform the potential is changing according to equation (2-1): 
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Figure 3-1 Schematic of a fuel cell test station [103] 
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Figure 3-2 Schematic of a single cell [89] 
  50  
  
𝐸(𝑡) =
𝐸𝑚𝑖𝑛
𝐸𝐸𝑚𝑎𝑥
± 𝑣𝑡                                                                                                (2-1) 
The scan rate ν is the rate of change of the potential with time (Figure 3-3a). For the square-
wave form the potential is kept at the low and high potential limit for a specific amount of 
time (Figure 3-3b). The responding current passing the WE is recorded as a function of the 
respective potential resulting in a current-potential plot, called cyclovoltammogram (CV).  
Typically, cyclic voltammetry is conducted in a three-electrode-setup in order to 
guarantee an exact control of the potential at the WE, which is determined relative to a 
reference electrode (RE). The RE is an electrode with a stable and well known electrode 
potential, arising from a redox system with constant concentrations of each reactant. The 
reference electrode should provide a reversible half-reaction with Nernstian behavior, be 
constant over time, and be easy to assemble and maintain. The most commonly used 
reference electrodes for aqueous solutions are the calomel electrode, with potential 
determined by the reaction:  
 
Hg2Cl2 (s) + 2e
– = 2Hg(l) + 2Cl–                                                                                    (2-2) 
 
and the silver/silver chloride electrode (Ag/AgCl), with potential determined by the 
reaction: 
 
 AgCl(s) + e– = Ag(s) + Cl- 
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Figure 3-3 Potential vs time for a) triangular wave, b) square-wave potential cycling 
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Figure 3-4 The circuit in a three-electrode set-up 
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The counter electrode (CE) is an auxiliary electrode through which the current from 
and to the WE flows (see Figure 3-4). The pathway between WE and RE remains 
practically free of current, the RE represents an ideal nonpolarizable electrode. 
Consequently, the measured change in potential between the working and the reference 
electrode is equal to the actual change in potential at the working electrode. The potential 
at WE (vs RE) is adjusted by the potentiostat through an adequate current flow in the circuit 
between the WE and the CE [90], [91].  
3.3 Electrochemically Active Surface Area (ECA) Measurement 
Since the catalytic reactions during fuel cell operation happen at the surface of the 
catalysts, the number of active sites is one of the most important properties of the catalyst. 
Typically, adsorption techniques are used to determine the electrochemically active surface 
are (ECA) of the catalyst. Thereby, suitable probe molecules, which adsorb exclusively on 
the active surface sites are adsorbed and quantified. For the ECA measurement of platinum, 
hydrogen atoms and carbon monoxide molecules are commonly used as adsorbates. Both 
are assumed to bind as single atoms and molecules, respectively, on top of each surface 
platinum atom [92], [93]. The ECA is then quantified by measuring the current during 
desorption or oxidation of one monolayer. Hence, it can be either calculated from the 
charge it takes to either adsorb/desorb a layer hydrogen in the so called Hupd region in a 
CV, or to oxidize a monolayer of CO, which was already adsorbed on the surface, in a 
potentiodynamic stripping experiment. Although, the Hupd area is traditionally used for 
ECA measurements, due to the accessibility of the CVs.  In this method, the electro-
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adsorption of Hupd is referred to as under-potential deposition because the process takes 
place at a potential that is lower than the potential required to generate H2(g) [94]. For this 
method, a usual CV is recorded and the ECA is calculated by integrating the hydrogen 
adsorption/desorption charge in the voltammogram, dividing by cell active area (cm2), 210 
μC/cm2 (theoretical hydrogen monolayer adsorption on Pt) and the cathode initial Pt loading 
(mg-Pt/cm2).  
3.4 Scanning/Transmission Electron Microscopy 
Due to the development of nanoscience, microscopic imaging with atomic 
resolution has become essential. In transmission electron microscopy (TEM), a thin 
specimen is irradiated with an electron beam of uniform current density. From the 
transmitted electrons, after interaction with the specimen, an image is formed, giving an 
insight into the microscopic nature of the sample. An electron source at the top of the 
microscope emits the electrons, which are accelerated with 60-300 kV. In the condenser 
system consisting of electromagnetic lenses and apertures, the electrons are focused into a 
thin colliminated beam. Then, the beam passes the specimen where the electrons interact 
with the material. In this regard, the electrons can be transmitted, diffracted, backscattered 
or they induce the emission of photoelectrons, x-ray fluorescence or Auger electrons. The 
electron intensity distribution behind the specimen is imaged and magnified. 
TEM image contrast arises due to the scattering of the incident beam by the 
specimen.  As the electron wave traverses the specimen, both the amplitude and the phase 
of its wave can change, which in turn gives rise to image contrast. Schematic of atomic-
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resolution phase contrast and Z-contrast imaging is illustrated in Figure 3-5. An atomic 
Phase contrast image is formed by interference between direct and diffracted waves while 
a parallel beam is illuminating the specimen. In other word, contrast in TEM images can 
arise due to the differences in the phase of the electron waves scattered through the 
specimen. This contrast mechanism can be difficult to interpret because the appearance of 
the image varies with small changes in the thickness, orientation, or scattering factor of the 
specimen, and variations in the focus or astigmatism of the objective lens. However, its 
sensitivity is the reason phase contrast can be exploited to image the atomic structure of 
this specimens. A phase-contrast image requires the selection of more than one beam. In 
general, the more beams collected, the higher the resolution of the image. Phase-contrast 
imaging is often thought to be synonymous with high-resolution TEM. 
Unlike conventional TEM, where the simultaneous interaction of the electron beam 
with a large area of the sample will generate the magnified image, in a scanning 
transmission electron microscope, the convergent electron beam is scanned across a thin 
sample, and the transmitted beam collected by a detector located below the sample will 
produce the image. High angle annular dark-field imaging (HAADF) is a method of 
imaging samples in STEM, in which images are formed by collecting high angle 
incoherently scattered electrons with an annular dark-field detector. STEM combined with 
an annular-detector provides atomic-resolution images by effectively illuminating each 
atomic column one-by-one as a finely focused electron probe scans across the specimen, 
generating an intensity map at the annular detector [95] (Figure 3-5, right). As opposed to 
phase contrast images, HAADF images are highly sensitive to the variations in the atomic  
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Figure 3-5 Imaging principle of atomic resolution phase contrast TEM and Z-contrast 
STEM [96] 
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number of atoms and the thickness of the sample. At high-angle scattering, the Bragg 
intensities are significantly weakened, and instead the background diffuse scattering 
becomes dominant Thus, STEM images are mass thickness contrast with negligible 
diffraction contrast and the intensity of the HAADF image is approximately proportional 
to the square of the atomic number (Z2) and linearly proportional to thickness (t)  [96].  
3.5 Energy Dispersive Spectroscopy 
Energy dispersive spectroscopy (EDS) is an analytical technique used for elemental 
analysis and chemical characterization. This technique is based on high-energy electron 
beam penetrating through the outer conduction/valence bands which interact with the 
inner-shell (or core) electrons. This electron is ejected if it receives more than a critical 
amount of energy; i.e. it escapes the attractive field of the nucleus to an unfilled state above 
the Fermi level, leaving a hole in the inner shell. The atom is then left in an excited state, 
which is described as ionized state. An electron from an outer shell will fill the hole to 
reduce the energy of the excited atom to its ground state. This transition is accompanied by 
the emission of either an X-ray or an Auger electron.  In both the X-ray and Auger cases, 
the energy of the emission is equal to the difference in energy between the two electron 
shells involved. Since this energy difference is unique to the atom, the emitted x-ray is 
called characteristic x-ray and can be used to identify the element. The process of X-ray 
emission is shown schematically in Figure 3-6. 
To make use of the characteristic X-rays generated when the beam strikes the 
specimen, semiconductor detectors such as Si and Ge are used to collect them and identify 
  58  
from which element they originated. When X-rays deposit energy in a semiconductor, 
electrons are transferred from the valence band to the conduction band, creating electron-
hole pairs. Since characteristic X-rays typically have energies well above 1 keV, thousands 
of electron-hole pairs can be generated by a single X-ray. The number of electrons or holes 
created is directly proportional to the energy of the X-ray photon. Thus, enough electron-
hole pairs are created to collect sufficient signal to distinguish most elements in the periodic 
table, with good statistical precision. 
3.6 TEM Sample Preparation 
In this work we used ultra-microtomy with diamond knife to prepare the cross 
sections of MEAs for TEM observation. For this purpose, a strip of MEA is embedded in 
a hard resin such as epoxy and then is cut by a diamond knife in the mictrotome to the 
required thickness (less than 70 nm). Finally, the cross section of the MEA will be placed 
on the TEM grid and is ready for TEM observation. Figure 3-7 shows different steps of the 
microtomy technique for MEA cross section preparation. Figure 3-8 illustrates a TEM 
image of an MEA cross section which was prepared using microtomy technique. 
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Figure 3-6 Schematic of the emission of characteristic X-ray emission 
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Figure 3-7 MEA cross section preparation method using microtomy technique. 
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Figure 3-8 Low magnification TEM image of an MEA cross section prepared by 
microtomy 
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3.7 Identical Location TEM 
This method is based on the ex-situ electrocatalyst accelerated stress test in a 
classical three-electrode electrochemical cell using liquid electrolytes (half-cell). For this 
method, the TEM grid itself is used as a working electrode for the accelerated stress tests 
to replicate on a TEM grid the effect of potential cycling on the cathode side of the fuel 
cell outside of the microscope. In order to be able to find the same location before and after 
the stress test, specific features on the grid and a series of TEM images at different 
magnification is used to provide the map of the area of interest. TEM grid is made of gold, 
because it has to be stable in the electrolyte at the voltage range during potential cycling.  
The TEM grid used in this work is coated with a quantifoil holy carbon.  
The identical location TEM procedure is schematically shown in Figure 3-9. It 
consists of the following steps: 
 
1. Deposition of the catalyst on the TEM grid 
2. Preliminary TEM observation to find the area of interest (R.O.I) on the TEM grid  
3. Potential cycling of the TEM grid in the electrochemical cell 
4. Re-characterize the R.O.I  
 
The catalyst powder supported on carbon is sonicated in ethanol to disperse homogenously. 
Thereafter, a drop of the dilute suspension is deposited on the grid. The grid is rinsed then 
with deionized water to remove the material which is loosely attached to the grid and then  
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Figure 3-9 Schematic of identical location procedure 
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dried under ultraviolet lamp.  The grid is then fixed on a gold plate and is placed on the 
electrochemical cell. The electrochemical cell used in this work is called plate material 
evaluating cell from ASL, Japan (product number 011951). Figure 3-10shows the 
electrochemical cell and the steps required to prepare the set-up. After fixing the TEM grid 
on the gold plate, the Teflon plates should be placed on top of each other and fixed by the 
screws. The cell is then filled with liquid electrolyte, and the reference and counter 
electrode is placed inside the cell, in contact with the electrolyte. At the final stage, the 
working, counter and reference electrode are connected to the potentiostat. After 
performing the potential cycling, the grid is rinsed and dried and re-characterized inside 
the microscope.  
 
 
  
Figure 3-10 preparing the electrochemical cell for identical location experiment 
  65  
 
 Chapter 4: TEM study on the Degradation Mechanisms of 
Nanocatalysts 
4.1 Introduction 
It has been demonstrated in the literature that potential, temperature, and humidity 
affect the catalyst degradation during fuel cell operation [14]. Higher upper potential limit 
of cycling can occur at high fuel utilization conditions and/or during start up or shut down. 
Darling and Meyers used a simple model to describe the rate of platinum dissolution as a 
function of potential [97], [98]. They showed that platinum can dissolve at rapid rates by 
increasing the cathode potential, until a passivating oxide layer is formed. Humidity, on 
the other hand, does not have a significant effect on solubility but on the ion mobility 
according to Bi et al [87]. Accordingly, high potential and low humidity conditions are 
extreme conditions that impact the Pt dissolution kinetics and migration to the membrane, 
while high temperature will affect the Brownian motion and thus particle mobility on the 
carbon support. Thus, each of these parameters during operation affects the catalyst 
degradation in a different way. Therefore, the parametric gives us an insight into the 
mechanisms of electrochemical active surface area loss in the fuel cell and helps us find 
out how we can mitigate the degradation of the catalyst on the cathode of the MEA. The 
focus of this part is to understand the mechanism of surface area loss in Pt3Co nanocatalysts 
by analyzing the cathode of the PEMFC membrane-electrode assembly (MEA) at different 
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distances to the membrane, during potential cycling under different operating conditions. 
The operating conditions include 1) baseline condition, 2) high upper potential limit (1.05 
V), 3) high temperature (9 ֩C) and 4) low humidity (30% RH).  The reason for performing 
this study on Pt3Co alloy NPs instead of Pt is the changes in composition which occur in 
Pt3Co particles after voltage cycling. This allows us to track the mechanisms responsible 
for particle growth. For example, if the mechanism of Pt dissolution and re-deposition is 
operating, both Pt and Co are known to dissolve, but only Pt redeposits on the surface of 
other particles, which leads to a decrease of the Co/Pt ratio. This change in composition 
enables us to differentiate between particles growing via particle dissolution and re-
deposition and the ones resulting from particle migration and coalescence.  
4.2 Experimental  
4.2.1 Materials 
Catalyst Preparation and Membrane Electrode Assembly (MEA): The catalysts for 
the cathode were prepared by deposition of 40 wt % Pt and Co (3:1 atomic ratio) onto Akzo 
Nobel Ketjen EC300J via proprietary methods, then annealed to achieve alloying and 
produce Pt3Co catalysts of specific particle size. MEAs were fabricated via a 
developmental process, with 35.6 wt% Pt/C (2 nm Pt particle size) on the anode and a 
25µm thickness perfluorosulfonic acid (PFSA) membrane. All the cathode electrodes had 
the same Pt loading of 0.2mg±0.02mgPt/cm2, while the anode electrodes had a similar 
loading of 0.22mg±0.05mgPt/cm2. 
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4.2.2 Decay protocol for parametric studies 
The accelerated cell degradation test conditions (Table 1), were carried out by 
potential cycling using a potentiostat (EG&G 273A, Princeton Applied Re- search Inc., 
Oak Ridge, TN). A square-wave potential cycle with 20s/cycle was imposed on cells with 
different temperature, RH, and voltage window conditions for 10K cycles. A fixed gas flow 
of 0.5 SLPM 4% H2 balanced with N2 on the anode and 0.5 SLPM N2 on the cathode were 
used. A new MEA with 4.9 nm Pt3Co particle size in the cathode was used for each test to 
evaluate the impact of various parametric conditions, namely high temperature, low RH, 
and high upper potential limit on cell decay behavior. During the potential cycling, the 
cathode served as the working electrode, while the anode served as both the reference and 
counter electrodes. The electrochemically active surface area (ECA) of Pt and Pt3Co 
cathode catalysts at different stages of potential cycling was measured using a cyclic 
voltammogram at 10 mV/s between 0.03 and 1.0 V (vs anode) with nitrogen flowing on 
the cathode, 4% hydrogen (balance nitrogen) on the anode. The ECA values (m2/g-Pt) were 
calculated by integrating the hydrogen adsorption charge in the cathodic-going sweep of 
the voltammogram, multiplying by the cell area, and dividing by 210 µC/cm2 (theoretical 
hydrogen monolayer adsorption on Pt) and the cathode Pt loading. 
4.2.3 Transmission electron microscopy 
First, the Pt3Co powder was dispersed in ethanol, ultrasonicated and deposited on a 
carbon/copper grid for TEM characterization. Subsequently, MEA samples for TEM 
analysis were prepared by cutting a 1mm wide strip of the cycled MEAs. Previously heated 
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Hard Plus Resin 812 epoxy is poured into a mold containing the MEA sections, which is 
cured in a vacuum oven at 60 ֩C for a minimum time of 72 hours. The cured molds were 
Table 4-1 Operating conditions used for testing the electrochemical stability of the 4.9 nm 
Pt3Co catalysts. 
Cell Potential cycle 
Baseline 
Square wave potential cycle: 
10s at 0.4V, 10s at 0.95V 
(20s/cycle) 
Cell Temperature: 80 ֩C 
Humidity: Anode = Cathode = 100% RH 
Fuel/Oxidant : 0.5 SPLM 4% H2/0.5 SPLM N2 
Pressure: Atmospheric pressure 
Low RH 
Humidity: Anode = Cathode = 30%RH 
All other parameters as baseline 
High Upper Potential 
Square wave potential cycle: 
10s at 0.4V, 10s at 1.05V (20s/cycle) 
All other parameters as baseline 
High Temperature 
Cell Temperature: 90 ֩C 
All other parameters as baseline 
 
microtomed at room temperature, and subsequently, electron transparent MEA sections of 
about 70 nm thick were obtained. The morphology and size of nanoparticles present on the 
cathode side of the membranes were observed using a JEOL 2010F transmission electron 
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microscope operated at 200kV. For this study, the cathode region was divided into three 
areas, each approximately 3µm wide and thereby covering the cathode width of 
approximately 10µm. Two hundred particles were analyzed from each of the regions to 
give a total of six hundred particles for a cathode section in a used MEA. Energy dispersive 
X-ray spectroscopy (EDS) coupled to the TEM was used to analyze the composition of the 
cathode. The Pt/Co composition ratio of different particles was determined from the 
intensity ratio of the Pt L-line and the Co K-line, using the EDS spectra. 
 
4.3 Results 
The electrochemically active surface area of the cathode, measured through 
hydrogen adsorption in a cyclic voltamogram, is illustrated in Figure 4-1 ECA loss of 
Pt3Co cathode nanocatalysts as a function of number of potential cycles under different 
operating conditions. According to ECA decay rates, the degradation of the MEAs as a 
function of number of cycles is substantially higher for the MEAs operated at higher upper 
potential limit compared to the ones operated at low humidity. The ECA losses under high 
temperature and baseline conditions occur at lower rates than high voltage but higher rates 
than low humidity conditions. As shown in Figure 4-1 ECA loss of Pt3Co cathode 
nanocatalysts as a function of number of potential cycles under different operating 
conditions. , the cathode of the MEA operated at low humidity exhibited very good stability 
with only 5% loss of surface area within 10K cycles while the ECA of the high potential 
sample decreased by 65% up to 10K cycles. 
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4.3.1 Particle Size Distribution 
AThe particle size distribution (PSD) of the powder sample used to fabricate the 
MEAs is shown in Figure 4-2. The mean equivalent diameter deq is 4.9±0.2 nm with sizes 
ranging from 2 to 11 nm, while the majority of particles lie between 3 to 7 nm. Figure 4-3-
Figure 4-5 contain the results of the TEM analysis of the cycled cathodes operated at 
different conditions, namely baseline, 30% RH, high upper potential limit, and high 
temperature. Images from three separate regions, 3µm in length, were acquired across the 
10µm width of the cathode. As illustrated in Figure 4-3-Figure 4-5, Regions A, B, and C 
represent regions of the cathode located at distances 0-3µm, 3-6µm and 6-9µm from the 
cathode/membrane interface, respectively. A sample size of 200 nanoparticles was chosen 
for each region of the cathode, leading to a total 600 nanoparticles for each sample. the 
cathode area grow from 4.9 nm to about 8.3 nm (mean particle size in Regions A, B, and 
C, combined) after 10K cycles (Figure 4-3) and the distribution has broadened 
significantly. The PSDs exhibit a tail to larger sizes of up to 33 nm. There is no significant 
difference in the mean particle size of regions A, B and C to 95% confidence. 
 In the case of the 30% RH sample (Figure 4-4), a mean particle size of 
approximately 7.1 nm was obtained after 10K cycles. In comparison with the PSD of the 
powder sample (Figure 4-2), it can be seen that the particle size distribution did not change 
significantly after 10K cycles of operation under 30% RH. Compared to the baseline 
sample, no tail toward larger particles is seen in the PSDs of the low humidity sample. The 
difference in the mean particle size of the three different regions is negligible to 95% 
Particle size distributions of the baseline sample show that the Pt3Co nanoparticles in 
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Figure 4-1 ECA loss of Pt3Co cathode nanocatalysts as a function of number of potential 
cycles under different operating conditions. 
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Figure 4-2 a) Bright field TEM image, and b) particle size distribution of the Pt3Co 
noparticles. 
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Figure 4-3 TEM Characterization of the cathode area of the baseline MEA after 10K 
cycling. 
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Figure 4-4 TEM Characterization of the cathode area of the low humidity MEA after 10K 
cycling. 
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Compared to the powder sample, the PSD of the MEA operated at high potential 
PSDs at the three different regions within the cathode area illustrate that the high potential 
sample reaches a mean particle size of approximately 10.5 nm after 10K cycles. has 
broadened significantly with the majority of particles having sizes greater than 7 nm. Large 
particles of up to 40 nm were observed in the TEM images of the cathode area after cycling 
under high potential. Unlike baseline and low humidity samples, there is a significant 
difference between the mean particle size of region A, B, and C. In region A, which is the 
closest part in the cathode to the membrane, the particles' diameter grew to 11.8 nm while 
the ones in regions B and C increased their size to 10.5 and 9.1 nm respectively.  
As for the case of the baseline and high potential samples, the MEAs subjected to 
high temperature also resulted in the growth of particles after cycling. The PSDs in 
Figure 4-6 illustrate that for this sample a mean particle size of 8.2 nm was achieved. 
Beyond approximately 10 nm, the PSDs exhibit a tail to larger sizes. Similar to the high 
potential sample but to a smaller degree the mean particle size is larger in regions closer to 
the membrane. Regions A, B, and C have particles with the average size of about 9.5, 8.6, 
and 7.5 nm, respectively. 
Figure 4-7 compares the mean particle size in the cycled cathodes (Regions A, B 
and C combined) operated at different conditions to that of the catalyst powders from which 
they were fabricated. The change in the mean particle size is found to be more significant 
for the samples cycled in the higher upper potential limit than the baseline and high 
temperature, whereas operating at low humidity does not have a significant impact. Cycling  
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Figure 4-5 TEM Characterization of the cathode area of the high potential MEA after 10K 
cycling. 
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Figure 4-6 TEM Characterization of the cathode area of the high temperature MEA after 10K 
cycling. 
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Figure 4-7 Mean particle size after 10K cycling under varied operating conditions. 
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to a higher upper potential limit results in about 100% increase in mean particle size, 
whereas cycling under low humidity conditions leads to only 15% increase in mean particle 
size. The high temperature and baseline samples show a 65% increase in their mean particle 
sizes. 
4.3.2 Particle loss to the membrane 
The area percentage of the particles, which is the projected area of the Pt3Co 
nanoparticles divided by the total area of the substrate multiplied by 100 is shown in 
Figure 4-8. It is clear that the high potential sample results in higher particle loss from the 
cathode than the baseline and high temperature, while the least amount of particle loss 
occurs in the low humidity MEA. A decrease in the area density of particles represents 
particle loss from the cathode to the mem- brane which is confirmed by the TEM images 
of the cathode-membrane interface of the MEAs exposed to deferent operating conditions 
(Figure 4-9). As for particle loss from the cathode, the precipitation of new particles in the 
membrane is more severe in the high potential sample than the baseline and high 
temperature samples, while no significant particle precipitation in the membrane can be 
observed in the low humidity sample. This is confirmed by the SEM analysis performed 
by Gummalla et al [12]. Please note that the particle precipitation occurs across the 
membrane up to 10 µm away from the cathode/membrane interface. 
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Figure 4-8 Area percentage of the particles in three different regions in the cathode after 
10K cycles. 
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Figure 4-9 TEM bright field images of the nanoparticles in the cathode, and the cathode-
membrane interface after 10K cycling under a) baseline; b) 30% RH; c) 1.05 V d) 90 C. 
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4.4  Discussion 
Let us now discuss the trends in mean particle size, particle loss from the cathode, 
and particle precipitation in the membrane under different operating condition. The largest 
particle size, the highest amount of particle loss from the cathode and the largest particle 
precipitation in the membrane occur under high potential operating condition, while the 
contrary is true for the low humidity condition. The baseline and high temperature 
operating conditions remain somewhere in the middle. Since both high potential and 
humidity affect particle dissolution and/or ion diffusion, the fact that potential and humidity 
have the highest impact on the mean particle size and particle loss from the cathode to the 
membrane indicates the critical role of particle dissolution and ion mobility on the surface 
area loss mechanisms of the NPs. Indeed, large particles in the membrane are indicative of 
Pt3Co dissolution and re-precipitation in the membrane by chemical reduction of dissoluble 
Pt due to hydrogen crossover molecules, which results in Pt loss from the cathode area. 
The fact that Pt loss to the membrane is more severe in the high upper potential limit than 
for the other conditions is explained by the accelerated dissolution rate at potentials higher 
than 0.95 V [7], [59], [98]. The effect of the humidity on Pt dissolution and Pt ion transport 
in the ionomer has been studied by Bi et al [87]. Under high humidity conditions, the 
polymer electrolyte exhibits large and abundant water channel networks. This is analogous 
to the effect of humidity on the proton conductivity of the Nafion electrolyte, as the higher 
water content in the Nafion electrolyte results in higher mobility of protons in the 
membrane. Accordingly, low humidity conditions limit the Pt and Co ion diffusion, which 
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consequently restricts Ostwald ripening in the cathode area, as well as re-precipitation of 
Pt crystals in the membrane. On this basis, we can conclude that to restrict the degradation 
of catalysts on the cathode of the MEAs, it is critical to control the Pt dissolution and Pt 
ion diffusion to minimize Ostwald ripening, as this is a critical mechanism of particle 
growth and surface area loss inside the cathode.  
Another important observation is the inhomogeneity inside the cathode in terms of 
particle size and particle loss from the cathode. In the case of particle size, although the 
differences in the mean particle size of regions A, B, and C are negligible for the baseline 
and low humidity samples, the situation is different for the high potential and high 
temperature samples. In the last two cases, the increase in particle size is greater in regions 
closer to the cathode-membrane interface than that of areas far from the interface. 
Specifically, the mean particle size in region A is about 2.7-0.7 and 1.9-0.5 nm larger than 
that of region C for the high potential and high temperature samples, respectively. Since 
particle mobility should be the same in each region of the cathode [7], particle migration 
and coalescence should not be responsible for the larger particle size in the areas closer to 
the cathode-membrane interface. This inhomogeneity can be explained by considering the 
particle dissolution and re-deposition as the dominant mechanism for the nanocatalysts 
growth inside the cathode. The Pt ion concentration gradient and potential difference 
between the cathode and anode results in Pt ion transport in the cathode toward the 
membrane [99]. Among these Pt ions, a fraction will deposit on nearby particles, while the 
remainder will move longer distances toward the membrane and re-deposit on particles in 
regions near the membrane. 
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This inhomogeneity is also observed in the amount of particle loss from different 
regions of the cathode toward the membrane. Under all operating conditions, the amount 
of particles remaining in the cathode decreases as the distance to the membrane-cathode 
interface decreases (Figure 4-8). As shown in the SEM analysis of these samples [12], the 
particles precipitated at the center part of the membrane show that the soluble Pt species 
move half way through the membrane, where they are reduced by the hydrogen crossover 
permeated through the membrane from the anode to the cathode. The concentration of 
soluble Pt in the cathode decreases from the cathode/DM interface to the center part of the 
membrane where the crossover hydrogen chemically reduces Pt soluble ions to platinum 
particles. Fickian diffusion law can explain the reason why the amount of particle loss 
increases in regions closer to the membrane. By assuming that there are no Pt2+ ions at the 
center part of the membrane, next to the Pt band, the flux of soluble Pt species from the 
cathode toward the anode (NPt) can be estimated by means of a Fickian semi-infinite one 
dimensional diffusion, according to the expression: 
 
𝑁𝑃𝑡 = 𝐷𝑒𝑓𝑓
𝐶𝑃𝑡
𝐿
                                                                              (4.1) 
 
where Deff is the effective diffusivity of Pt ions in the membrane, CPt is the equilibrium Pt 
ion concentration in the cathode and L is the distance from each region in the cathode to 
the last Pt band in the membrane. The Pt flux from different regions in the cathode to the 
membrane at the micrometer scale is inversely proportional to the distance between the 
region and the last Pt band in the center of the membrane. Thus, the Pt loss is more severe  
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in the regions closer to the cathode-membrane interface in the cathode. 
4.4.1  Compositional and morphological analysis in the cathode 
To study the composition changes in the cathode, two types of EDS measurements 
were performed. First, we measured the variation of Co across the cathode in nine different 
areas of 1µm diameter each. For this purpose, the electron beam was spread to 1µm 
diameter to cover a wide area of the sample. Second, a more detailed compositional 
analysis of individual and coalesced particles was performed with the electron beam 
matching the size of each particle to cover the entire particle. Figure 4-10 shows the Co 
atomic percentage along the different areas in the cathode of the Low RH, high upper 
potential and high temperature MEAs, as a function of distance from the cathode-
membrane interface. The atomic percentage of Co in all MEAs is below the Pt:Co 3:1 ratio 
of the initial Pt3Co particles. The Co concentration in Low RH and baseline MEAs is 
almost constant throughout the cathode with small variations. However, a higher variation 
of Co concentration is identified in the MEAs subjected to high voltage and high 
temperature operating conditions. In the last two cases, The highest amount of Co loss is 
seen in the areas very close to the membrane (Region A), while away from the membrane 
(Region B), the amount of Co in the cathode is increased. Moving farther toward the 
cathode-DM interface (Region C), results in a decrease in the amount of remaining Co in 
the cathode. To understand this Co variation, we should consider the two types of particles, 
based on their morphology, present in the cathode, namely individual spherical particles 
and aggregated non-spherical particles. 
  86  
  
Figure 4-10 Cobalt atomic percentage in different areas of the cathode of the MEAs. 
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 In terms of individual spherical particles, this morphology is the result of either 
growth via electrochemical Ostwald ripening or shrinkage due to the dissolution of Pt and 
Co into the ionomer phase, as both are isotropic processes. Figure 4-11 shows the Co 
concentration of individual spherical particles vs particle size in the powder sample as well 
as low humidity, high temperature, and high voltage MEAs obtained from EDS. All of the 
cycled MEAs show lower Co contents than the starting powder sample at any given particle 
diameter. For the Co at% we can observe a clear trend in the experimental conditions, with 
1.05 V >90 ֩C > baseline ~ 30% RH. This is a result of the particle dissolution rate, which 
follows the same trend. Even though this is not measured directly, we can infer this from 
the observations of the particle loss and particle precipitation in the membrane, which is 
Zalso supported by the literature. The effect of particle size on the Co concentration is 
similar for all the operating conditions. The Co atomic percentage of the spherical particles 
increases with increasing the particle equivalent diameter. As it has been observed in 
previous studies, Co leaching from the Pt3Co particles occurs preferentially from the 
outermost layers of the particles, resulting in the formation of Pt enriched surfaces [11], 
[75], [83]. Thus, decreasing the fraction of atoms present on the surface for the larger 
particle sizes results in less Co leaching for these particles. In addition, re-deposition of Pt 
atoms on the surface of larger particles through Ostwald ripening during voltage cycling is 
expected to increase the thickness of the Pt enriched surface thus reducing the Co leaching 
to the ionomer. However, in high potential sample, the lower fitting (R-square value) 
especially for the particles with intermediate sizes might be related to the severe dissolution  
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Figure 4-11 Co atomic percentage of individual spherical particles vs particle size after 
10K voltage cycles under different operation condition. 
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of Co and Pt which occurs under potentials higher than 0.95 V. This, in turn, might 
prevent the passivating Pt rich layer on these particles from protecting the particles from 
Co leaching.  
Regarding the non-spherical particles, these arise from the aggregation and 
coalescence of various particles. The particles are considered to be non-spherical 
aggregated coalesced if their roundness, R, are smaller than 0.8. The parameter R is defined 
in terms of its projected area A and the major axis (a) of an ellipse fitted to the particle 
outline, according to the expression 
 𝑅 = 4𝐴𝑎2                                                                                     (4.2) 
The projected area percentage of non-spherical aggregated-coalesced particles was 
calculated from the ratio of the projected area of non-spherical coalesced particles 
(Acoalesced) to the total projected area of all particles (Aindividual + Acoalesced) in the cathode. 
 
The data set used in the particle size analysis, i.e. 200 particles from each region and 
a total of 600 particles for each MEA, was also used for the quantification of the amount 
of coalescence. Note, that we cannot simply count the number of coalesced particles, as 
this approach ignores the amount of particles participating in coalescence. Thus, even 
though there is a small bias towards large particles, the introduced error is much smaller 
than the error we would get by considering the number fraction of particles. The trend in 
this value is almost the same as the trend in particle size growth (1.05V > 90 ֩C > baseline 
> 30% humidity). Operating under the high upper potential limit results in the most severe 
surface area loss due to aggregation-coalescence with about 38% coalesced particles in the 
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cathode. Coalescence also occurs in the cathode operated at high temperature with about 
31% of coalesced particles, compared to the baseline with 23%. However, the low humidity 
sample contains only 8% of aggregated coalesced particles. Under all operating conditions, 
the coalescence of particles inside the cathode happens more severely in the regions closer 
to the membrane, except for the low humidity sample which shows a constant trend across 
the cathode (see Figure 4-12). 
The highest and lowest percentage of coalesced particles in the high potential and 
low humidity samples, respectively, in addition to an increased amount of coalescence 
inside the cathode closer to the membrane, shows the critical role of particle dissolution 
and diffusion in the formation of such morphology. Accordingly, besides particle 
migration, which might also occur, two mechanisms can be suggested for particle 
coalescence: 
 
Deposition of dissoluble Pt between two particles with consequent bridging 
This mechanism is supported by the work of Carlton et al. who observed some evidences 
of preferential deposition of Pt on the particles surface close to nearby particles [100]. This 
preferential deposition can finally lead to bridging between two particles and coalescence 
of those particles. Moreover, Asoro et al. [67], [101] provided some evidences of 
coalescence via deposition of Pt clusters between two or more adjacent particles in their 
in-situ heating TEM experiments. Figure 4-13a-d shows bright-field TEM images of 
coalesced particles in the baseline, low RH, high voltage, and high-temperature cathode 
samples showing Co concentrations of less than 3 at%. Due to the low Co/Co2+ redox 
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potential and low enthalpy of mixing of Pt-Co, re-deposition of Co ions on the particles is 
not thermodynamically favorable [11], [102]. Accordingly, the low Co concentration in the 
particles shown in Figure 4-13a-d seems to confirm the proposed mechanism of 
coalescence by preferential deposition of Pt between two or more adjacent particles. As 
shown in the TEM images, the low Co concentration (less than 3 at%) is characteristic of 
this mechanism.  
2-Modified electrochemical Ostwald ripening until adjacent particles make contact with 
each other and coalesce  
These particles are formed by necking between spherical particles, which had 
already grown by Ostwald ripening. Hence, the Co concentration in these particles is the 
average of the particles before necking. For example, consider the coalesced particle in 
Figure 4-13f, which is the result of necking between two spherical particles of about 27 nm 
and 23 nm under baseline operating condition. According to Figure 4-11 the average Co 
at% of particles of that size is roughly between 30% and 35%. This is remarkably close to 
the composition of the coalesced particle shown in Figure 4-13f, which is 30.1 Co at%. In 
other words, the fact that the Co concentration in these particles is similar to the Co 
concentration of individual spherical particles with the same size validates this proposed 
mechanism. Note, that the argument about Co at% does not hold true for particles formed 
through the former proposed mechanism (preferential deposition and particle bridging), so 
we can use the Co concentration to differentiate between these two mechanisms. 
Figure 4-13e-h are examples of coalescence via this mechanism. 
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Figure 4-12 the Area percentage of coalesced particles in regions A, B and C of the MEAs 
after 10K voltage cycles under different operation conditions. 
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With this information we can now explain the reason for the variations of Co 
through the cathode from the cathode/membrane to the cathode/DM interface in the high 
potential and high temperature samples (Figure 4-10). The amount of Co in the cathode is 
associated with the Co present in individual spherical particles, as well as the Co in 
aggregated particles, which results from the aforementioned mechanisms. As we discussed 
before, for these two conditions, the mean particle size as well as the amount of coalesced 
particles inside the cathode increase as the distance to the membrane decreases. In order to 
understand if an increase in the mean particle size is merely due to the increase in the 
amount of coalesced particles, which are typically larger particles, the mean diameter of 
the spherical particles (with R> 0.8) in regions A, B and C of the high potential and high 
temperature samples were quantified. This figure for the high potential sample is 9.4, 10.0 
and 8.1 nm, and for the high temperature sample is 7.8, 8.1, and 7.1 nm in regions A, B, 
and C, respectively. Thus, the reason for the increase in the Co at% from region C to region 
B seems to be due to the presence of larger spherical particles which contain more Co 
according to Figure 4-11. Inside region A however, the amount of Co declines significantly 
due to the proximity of the membrane. Since the mean diameter of the individual spherical 
particles in region A is not statistically different from that of region B, and considering the 
fact that more than 50% of the particles in this region are non-spherical coalesced ones 
(Figure 4-12), the coalesced particles seem to be responsible for the decline in Co at% 
inside region A. One can infer that most the coalesced particles in this region result from 
deposition of dissoluble Pt between two or more particles and consequent bridging (the  
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Figure 4-13 TEM images and corresponding Co at% of the coalesced particles formed by 
deposition of Pt between particles with consequent bridging after 10K voltage cycles under 
a) baseline, b) low humidity c) high voltage and d) high temperature, as well as TEM 
images and corresponding Co at% of the coalesced particles formed by necking of the 
spherical particles after 10 K voltage cycles under e) baseline, f) low humidity g) high 
voltage and h) high temperature. 
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second proposed mechanism), which contain considerably low amount of Co. Considering 
the fact that the highest amount of particle loss occurs in this region (Figure 4-8), it seems 
that Co and Pt diffuse to the membrane, but only Pt species, coming from regions B and C, 
deposit between particles. This, in turn, results in the dramatic decline in Co concentration 
inside region A. 
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4.4.2 Compositional and morphological analysis in the membrane 
To better understand the precipitation of particles in the membrane, a more careful 
TEM observation of those particle was made in the high potential MEAs. Figure 4-14 in the 
supporting information illustrates the particles precipitated in the membrane which includes 
larger particles close to the cathode-membrane interface and smaller ones far from the 
interface. It Seems that the larger particles, located in the areas close to the cathode/membrane 
interface, are dendritic and polycrystalline in nature (Figure 8a), while the smaller ones formed 
far from the interface are single crystals (Figure 8b). This can be explained by the 
inhomogeneity in driving force (supersaturation). In the region nearby the cathode/membrane 
interface, the concentration of Pt ions is relatively high and non-uniform along the growing 
surfaces. In this case, interfacial kinetics of Pt reduction and re-deposition of Pt atoms onto an 
atomically rough surface is faster than the diffusion of Pt species on the surface of the particles 
[99]. On the other hand, far from the cathode-membrane interface, but still in the membrane, 
faceted type Pt shapes are dominant because diffusion of Pt ions in the ionomer to the faceted 
Pt nanoparticles is fast, relative to interfacial kinetics of Pt addition on the growing faceted 
surfaces. Additional EDS analysis of both types of particles show that they are pure Pt and do 
not contain Co (Figure 8a and b). Co remains in cationic form after Pt3Co dissolution, while 
Pt2+ is reduced to metallic Pt by crossover H2 within the membrane ionomer. Dissolved Co 
ions cannot be reduced by crossover hydrogen because the reduction potential of Co/Co++ is 
less than that of H2/H
+ and the enthalpy of mixing of Pt and Co is too small, therefore Co ions 
remain in the ionic form in the membrane. 
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Figure 4-14 TEM images of the particles precipitated in the membrane after 10 K cycles 
under high potential operating condition. 
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Figure 4. Figure 4.15 Particles precipitated in the membrane: TEM images, diffraction 
pattern (insets) and EDS analysis a) close to the interface and b) far from the interface after 
10K cycles under high potential operating condition. 
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 Chapter 5: Identical location TEM on PT Nanocatalysts 
5.1 Introduction 
To better understand and obtain direct evidence about each of the degradation 
mechanisms discussed previously, the focus of this chapter is to determine the behavior of 
Pt NPs at different stages of fuel cell potential cycling. Ideally, voltage cycling of the 
MEAs would be performed in-situ inside a TEM, but these experiments are extremely 
challenging due to the need for simultaneous but separate presence of the gas phase 
reactants. Hence, the closest approach to an in-situ experiment is to perform identical 
location TEM experiments. For this purpose, a set-up was developed to replicate on a TEM 
grid the effect of voltage cycling on the cathode side of the fuel cell outside of the 
microscope. Using this approach, it was possible to track the behavior of single NPs at 
different stages of potential cycling at the nano/atomic scale. These identical location TEM 
experiments provide a unique insight into the mechanisms of degradation in PEMFCs. 
In this chapter, the degradation mechanisms of Pt nanoparticle catalysts supported 
on carbon nanotubes, as well as Pt NPs supported on amorphous carbon are investigated 
by aberration corrected TEM, before and after voltage cycling. The reason why carbon 
nanotubes are used for the first part of this work is due to their simpler morphology, 
compared to the complicated 3-D morphology of carbon black. The convoluted 3-D 
structure of carbon black makes it difficult to interpret the actual location of the NPs on the 
carbon support from the 2D projected TEM images.   
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Performing these experiments on Pt NPs supported on carbon black and carbon 
nanotubes (CNTs) may verify if and how an applied voltage results in particle movement 
and how single atoms and atomic clusters play a role on the coalescence of NPs.  
5.2 Experimental 
Pt NPs on poly(vinylphosphonic) acid-doped polybenzimidazole (PVPA-PBI) 
wrapped on carbon nanotube was synthesized by Nakashima group at Kyushu University. 
The synthesis method is explained in reference [102]. Briefly, poly[2,2′-(2,6-pyridine)-
5,5′-bibenzimidazole] (PyPBI) non-covalently wrapped the surfaces of multi-walled 
carbon nanotubes (MWNTs) through a strong physical interaction, then Pt particles with a 
diameter of 3.2 ± 0.62 nm were immobilized onto the PyPBI layer. The obtained composite 
(MWNT/PyPBI/Pt) was doped with PVPA through a simple mixing of the 
MWNT/PyPBI/Pt with PVPA in an aqueous solution, and the PVPA doped composite 
(MWNT/PVPA-PyPBI/Pt) was obtained after removing the unbound PVPA by vigorous 
water rinsing [102]. PVPA wraps the electrocatalysts and serves as the ionomer or ion 
conducting phase. Figure 5-1 shows a schematic of the different steps of the synthesis 
method.  
For Pt NPs supported on amorphous carbon, catalysts were prepared by Johnson 
Matthey, at 40%wt Pt loading on Akzo Nobel Ketjen EC300J via proprietary methods, 
with a subsequent annealing to produce the NPs with 3.2 nm mean particle size.   
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Figure 5-1 Schematic illustration of the preparation technique of the MWNT/PyPBI-
PVPA/Pt. 
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In order to assess the degradation of fuel cell components including the catalyst NPs several 
accelerated stress test (AST) protocols have been previously developed [14], [43], [44]. 
These ASTs can be performed either in situ in PEMFCs (single-cell) or ex situ in a classical 
three-electrode electrochemical cell using liquid electrolytes (half-cell) [14], [43], [45], 
[46]. Although the durability test in PEMFCs provides an invaluable insight into the 
degradation of the fuel cells, it is difficult to separate the contribution of other components 
such as membrane and gas diffusion layer. ASTs in three-electrode electrochemical cells 
have the advantage of being less expensive and allow the ability to provide controlled 
information on the degradation of the catalytic layer excluding any contribution from other 
parts of the PEMFC.  In fact, several studies have shown a good agreement between the 
ECA loss mechanisms and half-cell durability tests [10], [48], [49]. On this basis, the 
voltage cycling of the catalysts NPs in this work was performed in a half-cell in the 
presence of liquid electrolyte, instead of a single cell (MEA) with solid electrolyte.  
More specifically, to investigate the effect of voltage cycling on the NPs, the 
electrocatalyst materials (Pt supported on ionomer wrapped CNT and Pt supported on CB) 
are first dispersed in ethanol, ultrasonicated and deposited on a quantifoil holy carbon gold 
TEM grid. The location of the ROI was recorded by taking several images at different 
magnifications. In the next stage, the TEM grid attached to a gold plate was used as a 
working electrode in a three electrode electrochemical compartment cell. A Pt wire and 
saturated Ag/AgCl electrodes were used as the counter and reference, respectively. All 
potentials shown in this paper are given with respect to the reversible hydrogen electrode 
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(RHE) potential. The TEM grid was cycled between 1 and 1.5 V vs. RHE in N2-saturated 
0.1M HClO4 liquid electrolyte with the sweep rate of 0.5 V/sec. After voltage cycling, the 
TEM grid was rinsed and dried, and then transferred to the microscope. Using the recorded 
location of the ROI, aberration-corrected TEM images of the same NPs in the ROI were 
taken and compared with the images obtained before potential cycling. Aberration 
corrected JEOL JEM-ARM 200f operated at 200 kv and and FEI Titan operated at 80 kv 
were used for TEM observation. 
5.3 Results and Discussion 
5.3.1 Pt NPs supported on Carbon Nanotubes 
During the first 1000 voltage cycles we found that the main mechanism for the loss of 
electrochemical active surface area is particle motion, followed by coalescence. This is 
clearly shown in Figure 5-2a where two well separated NPs on the surface of a CNT 
(yellow square 1), move until they contact each other and finally coalesce (Figure 5-2b). 
Changes in orientation of individual NPs were also observed after voltage cycling 
(compare the NP in yellow square 2 in Figure 5-2a and b), as confirmed by the FFTs shown 
in the insets. Figure 5-2c depicts another region of the CNTs, where six individual particles 
(yellow square 3) with different orientations (FFTs show in insets) are close to each other. 
During voltage cycling, the particles moved towards each other until they impinge on each 
other and coalesce. In order to lower their total interfacial energy, particle rotation occurred 
(FFT in the inset of Figure 5-2d), leading to the formation of a larger single crystal particle. 
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Figure 5-2 Aberration corrected TEM images of the Pt nanoparticles on carbon nanotubes 
a) and c) before, b) and d) after 1000 potential cycling, e) schematic of the change in the 
structure of carbon ring. 
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Another important observation upon cycling is the severe structural deformation of the 
CNTs. As shown by the inverse filtered FFTs of the phase contrast TEM images displayed 
in square 4 of Figure 5-2c and d, the typical layered structure of the multi-walled CNTs 
became wavy-like after voltage cycling, due to the formation of point defects in the CNTs. 
Specifically, carbon atoms were removed from the lattice, which converts their hexagonal  
arrangement to heptagon and pentagon carbon rings, thus bending the atomic planes 
(Figure 5-2e) [103]. 
In order to understand the structural damage of CNTs, as well as particle motion under 
voltage cycling, we need to look into the mechanism of carbon corrosion. Figure 5-3 shows 
the schematic of a Pt NP supported on a CNT, wrapped in ionomer. Three interfaces are 
noted, namely the carbon/ionomer, ionomer/particle, and carbon/particle interfaces. As a 
consequence, three sets of reactions may occur at these interfaces.   
First, consider the carbon/ionomer interface where the carbon surface consists of 
defect sites (C*) that are prone to reversible electrochemical oxidation, leading to unstable 
C-OH groups at a potential of E =0.2 V.  This reaction can be written as 
 
𝐶∗ + 𝐻2𝑂 ↔ 𝐶 − 𝑂𝐻 + 𝐻
+ + 𝑒−          𝐸 = 0.2 𝑉 𝑅𝐻𝐸                                                (5-1) 
 
The unstable C-OH group can be further oxidized to form a stable double-bonded C=O 
group at a potential of E =0.8 V, through the following reversible reaction:  
 
 𝐶 − 𝑂𝐻 ↔ 𝐶 = 𝑂 + 𝐻+ + 𝑒−          𝐸 = 0.8 𝑉 𝑅𝐻𝐸                                                    (5-2) 
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Figure 5-3 Schematic of carbon/particle/ionomer interfaces 
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At a higher potential of E= 0.95 V, the unstable C-OH group is oxidized to form carbon 
dioxide, leaving behind a defect site. This reaction can be described as: 
 
𝐶 − 𝑂𝐻 + 𝐻2𝑂 ↔ 𝐶
∗ + 𝐶𝑂 + 3𝐻+ + 3𝑒−        𝐸 = 0.95 𝑉 𝑅𝐻𝐸                                 (5-3) 
 
Next, we should consider the platinum oxidation reactions, which occur at the 
particle/ionomer interface, with Pt(OH)ads acting as an intermediate. Specifically, we have 
the following two reactions 
 
𝑃𝑡 + 𝐻2𝑂 ↔ 𝑃𝑡(𝑂𝐻) + 𝐻
+ + 𝑒−          𝐸 = 0.7 𝑉 𝑅𝐻𝐸                                                 (5-4) 
𝑃𝑡(𝑂𝐻)𝑎𝑑𝑠 ↔ 𝑃𝑡𝑂 + 𝐻
+ + 𝑒−          𝐸 = 0.8 𝑉 𝑅𝐻𝐸                                                     (5-5) 
 
Finally, we consider the interface between the Pt NPs and carbon.  Here C-OH, which is 
the unstable surface oxide of carbon, reacts with Pt(OH)ads to form carbon dioxide. As a 
result, a carbon vacancy (VC) is created due to the following reaction [104]: 
 
𝐶 − 𝑂𝐻 + 𝑃𝑡(𝑂𝐻)𝑎𝑑𝑠 ↔ 𝑉𝐶 + 𝐶𝑂2𝑃𝑡 + 2𝐻
+ + 2𝑒−          𝐸 = 0.65 𝑅𝐻𝐸                  (5-6) 
 
In order to understand a possible correlation between carbon degradation and NPs 
motion, we irradiated the CNTs with 200 keV electrons at a dose rate in the order of 103 
e/Å2sec to knock-out carbon atoms, while the NPs were observed. This situation is similar 
to the effect of carbon corrosion, where carbon vacancies are formed, according to equation 
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(5-6). As shown in Figure 5-4, as carbon atoms were removed from the carbon/particle 
interface (shown by yellow arrows) during irradiation, particle 1 started to move toward 
the larger particle. This particle keeps moving on the surface of the CNT as more carbon 
atoms are knocked-out at the carbon/particle interface by the electron beam. In particular, 
note the absence of carbon on the left side of particle 1.  As a result, the distance between 
particles 1 and 3 decreased from 3 nm (at minute 12) to 1.8 nm (at minute 42).  Particle 2 
also moved and rotated towards the larger particle. In fact, a comparison between the FFTs 
of particle 2 in Figure 5-4b and c confirms the rotation of the particle, as the zone axis 
changed from [110] to [001]. 
 This set of experiments seem to indicate that when carbon atoms are removed from 
the CNT at the carbon/particle interface, leaving carbon vacancies, the particle tends to 
make new bonds with the nearest carbon atoms to decrease its free surface energy, thus 
leading to particle motion.  Similarly to electron beam irradiation, voltage cycling results 
in the formation of carbon vacancies at the carbon/particle interface due to the production 
of carbon dioxide, which consequently cause particle migration (Figure 5-5). 
Upon particle migration, the NPs are likely to contact each other and subsequently 
coalesce into a single particle, driven by a reduction in surface energy. Figure 5-6 shows 
phase contrast TEM images of two adjacent particles in real time, going through the process 
of coalescence. First, atoms move towards the neck between the two adjacent particles 
through surface diffusion. In particular, the atoms on the {100} surface atomic layer (red 
arrow 1 in Figure 5-5a) diffuse to the top of the neck between the two particles, adding a  
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Figure 5-4 Aberration-corrected TEM images of the Pt nanoparticles movement on the 
carbon nanotube under the effect of electron beam 
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Figure 5-5 . Schematic of the proposed particle movement mechanism on the surface of 
carbon 
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new {111} plane (red arrow 2 in Figure 5-6b) in the neck region. Thereafter, coalescence 
continues through surface or lattice diffusion. The three dash red lines in Figure 5-6c shows 
the disappearance of {111} planes on the right side of the image, as atoms on these planes 
move to form another set of {111} planes (the direction of diffusion is shown by the red 
arrow in Figure 5-6c) toward the neck area (compare the red ovals in Figure 5-6b and c). 
As diffusion towards the neck continues, the dihedral angle is reduced. However, in the 
current experiment, rotation of the NPs also occurs, which helps reducing the dihedral 
angle from 24° to 13° (Figure 5-6b and c) leaving a dislocation at the grain boundary.  This 
is confirmed by the inverse filtered FFT of the neck area (inset of Figure 5-6c), where an 
extra half {111} plane is visible. Finally, the dislocation is eliminated during the late stages 
of coalescence leading to a defect-free single particle. 
After the initial 1000 cycles, our identical-location experiments indicate a change 
in mechanism for the loss of electrochemical active surface area. In particular, due to the 
dissolution of Pt, which becomes significant, single atoms and atomic clusters appear on 
the ionomer phase at the surface of the CNT. Subsequently, these atoms move toward 
larger particles and deposit on their surfaces (Figure 5-7 and Figure 5-8). For example, 
cluster 1 in Figure 5-7c is first dissolved. These Pt atoms move toward the larger particle, 
where they re-deposit (arrows 1 in Figure 5-7c and d). Moreover, atomic clusters can 
deposit preferentially at the gap between two or more particles and consequently from a 
bridge, as it is shown within the red squares of Figure 5-8a and b. 
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Figure 5-6 Real-time aberration corrected TEM images of the Pt nanoparticle coalescence 
under the effect of electro n beam at room temperature 
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In our previous work [REF], we proposed cluster bridging as a new mechanism for 
surface area loss of particles during voltage cycling based on a post-mortem TEM study of 
MEAs.  In the current paper, we are thus able to confirm this mechanism through direct 
observation. As HAADF STEM imaging provides mass/thickness contrast, and no 
diffraction contrast, the clusters and single atoms on the surface of the CNT become very 
apparent.  Figure 5-8d shows that many single atoms and clusters appear on the surface of 
the CNT after 2000 cycles, which plays an important role in the surface area loss of the 
nanoparticles through re-deposition of single atoms and/or cluster bridging.  
In order to determine the effect of electron beam on the surface area loss 
mechanisms of NPs, and investigate if the observed mechanism is purely due to voltage 
cycling, the accelerating voltage and the electron dose rate were reduced to the range under 
which the CNTs are stable.  For this purpose, an aberration corrected FEI Titan was 
operated at 80 kV using a dose rate of less than 100 e/Å2sec, for TEM observations before 
and after 2000 and 5000 potential cycles. Under these conditions (Figure 5-9), the particles 
continue to be mobile on the CNT which lead to coalescence during potential cycling (red 
ovals 1-4 show examples of particle movement and coalescence). As before, the 
appearance of atomic clusters on the surface of the CNTs is also observed as a result of 
particle dissolution. For example NPs within the blue square 5 seem to be dissolving as 
they reduce their size after 2000 cycles, while atomic clusters appear on the CNT (blue 
arrows in Figure 5-9b and c). Even particles that exhibit an increase in size by the 
deposition of single atoms or atomic clusters may be subjected to dissolution. This is shown 
within the blue square labeled 6, where NPs increase their size after 2000 potential cycles,  
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Figure 5-7 Aberration-corrected TEM images of Pt deposition through modified Ostwald 
ripening at different stages of voltage cycling. 
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Figure 5-8 Aberration-corrected TEM images of Pt on carbon nanotubes a) before, and b) 
after 2000 voltage cycles, c) and d) Aberration-corrected STEM images of Pt on carbon 
nanotubes after 2000 voltage cycles. 
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 due to the deposition of single atoms on their surfaces, while further cycling results in their 
shrinkage, most likely due to dissolution. 
In general, it seems that the exposure to the electron beam during a short amount 
of time (exposure time of 1 sec) does not affect the surface area loss mechanisms, as both   
particle movement and coalescence, as well as particle dissolution and re-deposition were 
detected under low accelerating voltage and low electron dose. Another source of 
degradation, which is more obvious by increasing the potential cycling to 5000 cycles, is 
the appearance of a layer on the CNTs which covers the NPs. This layer, which might be 
either amorphous carbon or the PBI/PVPA ionomer phase, restricts the reactant gas to 
access the surface of the NPs and consequently results in the loss of electrochemically 
active surface area of the nanocatalysts. In order to investigate if this layer is caused by 
carbon contamination under the effect of the electron beam or caused by potential cycling, 
new areas on the TEM grid, which were not exposed to the electron beam before potential 
cycling were observed by TEM. The images of these areas (Figure 5-10) after 5000 
potential cycles confirm that the appearance of this layer happens for all of the CNTs, 
independent of any exposure to the electron beam. 
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Figure 5-9 TEM images of Pt on carbon nanotubes a) before cycling, b) after 2000 potential 
cycles, c) after 5000 potential cycles using FEI Titan at 80 KV and the electron dose rate 
of < 100 e/A2sec. 
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Figure 5-10 TEM images of the Pt on CNTs after 5000 potential cycles from areas which 
have not been exposed to the electron beam before cycling. 
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5.3.2 Pt NPs supported on Amorphous Carbon 
In order to investigate the effect of potential cycling on Pt NPs supported on 
amorphous carbon, similar identical location experiments were performed on Akzo Nobel 
Ketjen EC300J carbon black (Pt/CB). As it is shown in the 3-D image of Pt/CB, 
reconstructed from a total of 60 TEM images over a tilt range of -60 to +60 degrees, with 
a 2° tilting (Figure 5-11), the carbon substrate is not flat and has a convoluted 3D structure. 
As the nanoparticles are actually within the 3-D carbon network, the movement of NPs in 
the direction perpendicular to the 2D images cannot be identified.  
Figure 5-12 shows the TEM images of 3.2 nm Pt nanocatalysts supported on CB 
before and after 2000 and 5000 potential cycles. Similar to the NPs on carbon nanotubes, 
these particles are mobile on the surface of amorphous carbon. Almost all of the particles 
change their relative position after potential cycling. They either move toward or drift apart 
from each other. For example, particles 1 and 2 first move toward each other after 2000 
cycles but then drift apart after 5000 cycles. In some cases, the particles move toward each 
other until they make contact and coalesce (boxes labeled 3 and 4). On the other hand, 
particles in box 5 seem to de-sinter after potential cycling. This type of behavior has been 
shown previously to occur in MgO particles [105]. However, we should point out that these 
nanoparticles are sitting on a carbon substrate that is not completely flat, as seen from the 
3-D reconstructed image (Figure 5-11). Thus, it is possible that the nanoparticles that seem 
to de-sinter or move apart may actually not be in contact, but instead may be in different 
planes. 
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Figure 5-11 3D reconstructed image of Pt NPs supported on amorphous carbon 
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Figure 5-12 TEM images of Pt NPs supported on amorphous carbon a) before, b) after 
2000, and c) after 5000 potential cycles. 
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In contrast to the NPs on carbon nanotubes, the appearance of atomic clusters are 
very difficult to observe on the surface of amorphous carbon. However, some particles 
(numbered 6 and 7 in Figure 5-12) disappear from the carbon support, most probably due 
to dissolution.  The reason why no atomic clusters appear on the surface of amorphous 
carbon, in contrast to carbon nanotubes, can be due to the lack of ionomer phase on the 
surface of amorphous carbon. The CNTs in the previous experiment (Figure 5-9) were 
wrapped in ionomer during synthesis, while no ionomer was used in the synthesis of the Pt 
NPs on amorphous carbon. The ionomer phase serves as a medium for the atomic clusters 
to move on the surface of carbon. Thus, the lack of ionomer on amorphous carbon results 
in the release of Pt ions in the liquid electrolyte.  This is likely why no atomic clusters can 
be observed on the surface of amorphous carbon, and no significant particle growth due to 
Ostwald ripening can be seen. 
Another important observation is the change that occurs in the shape and structure 
of carbon. The shrinkage of carbon during potential cycling is also shown in Figure 5-12. 
For comparison, the outline of the carbon before cycling (Figure 5-12a) is indicated as a 
black dash line, overlapped on the image of carbon after 2000 cycles in Figure 5-12b. 
Similarly, the carbon after 5000 cycles is overlaid by both outlines from the images before 
cycling (black dash line) and after 2000 cycles (red dash line).  Similar to the case of carbon 
nanotubes, the structure of carbon black changes after potential cycling. The comparison 
between the structure of carbon in Figure 5-12 a, b, and c illustrate the lower graphitic 
nature after 2000 and 5000 potential cycles as the curved graphene layers are less 
pronounced in Figure 5-12c than b and a.  
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Both the change in the size and structure of carbon can be responsible for particle 
movement through the mechanism explained in section 5-3-1 (Figure 5-5). Comparing 
Figure 5-12 and Figure 5-9, the particles seem to be more mobile on the surface of CNTs 
than amorphous carbon. As shown in the tomographic image of carbon black, amorphous 
carbon exhibits a convoluted 3D structure, in contrast to carbon nanotubes with a flat 
surface. As a result, the particles on the surface of carbon black are likely to have larger 
fraction of surface area in contact with carbon than particles supported on CNTs 
(Figure 5-13). Thus, more vacancies are needed at the carbon/particle interface for particles 
to start their motion, according to the proposed mechanism of particle movement (Figure 
5-5).  
 
Figure 5-13 Schematic of a particle in contact with a) carbon nanotube, and b) amorphous 
carbon. 
  124  
 
 Chapter 6: Identical location STEM on Pt alloy Nanopcatalysts 
6.1  Introduction 
In the previous chapter, the behavior of Pt NPs supported on carbon nanotubes and 
amorphous carbon was investigated. In the case of Pt-alloy NPs, we expect that new 
factors, such as heterogeneous dissolution of Pt, the presence of alloying elements during 
voltage cycling and enthalpy of mixing of the elements, might affect the mechanisms of 
loss of specific activity and the active surface area of the NPs during fuel cell operation. 
Thus, it is not yet clear what parameters control the degradation in alloy nanocatalysts and 
whether the classical surface area loss mechanisms can fully explain the growth of alloy 
NPs. Many studies, including post-mortem transmission electron microscopy (TEM) 
studies have been performed to address the mechanisms of catalyst degradation [8]–[11], 
[13], [14], [83]. However, a fundamental understanding of particle behavior in real time, 
during the various stages of fuel cell cycling, needs further investigation. In this context, 
the focus of this work is to analyze the behavior of PtNi and Pt3Co NPs, at different stages 
of fuel cell cycling, using identical location scanning transmission electron microscopy 
(STEM). Using aberration corrected stem has a lot of advantages to study the alloy NPs. 
As the STEM high angle annular dark field (HAADF) detector captures electrons that are 
inelastic scattered to higher angles, the intensity in the HAADF images is proportional to 
the product of the square of average atomic number and thickness of sample. Thus the 
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STEM images are mass thickness contrast with no diffraction contrast, which can reveal 
information on the variations in the chemical composition within a NP. In addition, carbon 
support particles exhibit very weak intensities in dark-field mode, to a point where single 
atoms and atomic clusters can be detected.  
6.2 Experimental Procedure 
The alloy nanocatalyst is de-alloyed PtNi supported on Akzo Nobel Ketjen EC300J 
(KB) (d-PtNi/KB) provided by Johnson Matthey Fuel Cells Ltd (JM, UK) with a Pt loading 
of 28.5 wt% and a Ni loading of  6.68 wt% as determined via inductively-coupled plasma 
atomic emission spectroscopy.  The catalyst particles, deposited via a proprietary 
procedure, had an as-deposited Pt to Ni atomic ratio of 1:3.  Following deposition and a 
proprietary heat treatment procedure to promote alloy formation, the catalyst was subjected 
to a proprietary acid treatment procedure to leach Ni from the catalyst particles resulting 
in a final Pt to Ni atomic ratio of 1:0.78. 
For Pt3Co nanocatalysts, the NPs were prepared by deposition of 40 wt % Pt and 
Co (3:1 atomic ratio) onto Akzo Nobel Ketjen EC300J via proprietary methods, then 
annealed to achieve alloying and produce Pt3Co catalysts of 4.9 nm mean equivalent 
particle size. 
The initial PtNi NPs were characterized by high angle annular dark field (HAADF) 
aberration-corrected STEM using a JEOL JEM ARM 200F at 200 kV.  Energy dispersive 
X-ray spectroscopy (EDS) coupled to the JEOL microscope was used to analyze the Pt/Ni 
composition distribution of the NPs.  
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In order to assess the degradation of Pt alloy catalyst NPs, Identical location STEM 
technique was used. The detail of the procedure was explained in chapter 3.The 
electrocataslysts were cycled between 0.6 and 1.1 V vs. RHE in N2-saturated 0.1M HClO4 
liquid electrolyte with the sweep rate of 0.2 V/sec. After voltage cycling, the TEM grid 
was rinsed and dried, and then transferred to the microscope.  
6.3 Results and Discussions 
6.3.1  Pt-Ni Nanocatalysts 
6.3.1.1  Characterization of the Initial Powder 
In order to analyze the effect of potential cycling on PtNi NPs, a complete 
characterization of the initial powder is required.  The PtNi powder used for this study has 
an average equivalent particle diameter of 5.8 nm with a distribution of particles ranging 
from 3 to 12 nm with the majority of the particles lying between 5 to 7 nm (Figure 6-1).  
The majority of NPs exhibit a solid solution of Pt and Ni, as shown by the 
aberration-corrected HAADF STEM image taken with the beam direction, B=[110] 
(Figure 6-2a). The lack of super-lattice reflections (see Fast Fourier Transform (FFT) in 
the inset of Figure 6-2a) shows that the NP has a disordered structure, where Pt and Ni are 
randomly distributed in a FCC crystal structure. However, as noted in Figure 6-2a, pockets 
of bright and dark contrast are evident throughout the NP, which is likely due to the 
heterogeneous distribution of elements. Yet, as the HAADF STEM image contrast is 
dependent on both thickness and mass, it is important to separate both effects.  In this  
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Figure 6-1 a) HAADF STEM image of the Pt-Ni NPs, and b) Particle size distribution of 
the Pt-Ni NPs. 
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context, the column-by-column normalized HAADF intensity variation across the 
NP (orange line in Figure 6-2a) is compared with the normalized thickness variation of a 
truncated octahedron projected along the same orange line (Figure 6-2b). Since the 
intensity of the HAADF image is approximately proportional to the square of the atomic 
number (Z2) and linearly proportional to thickness (t), we can determine the normalized 
atomic number of each atomic column along the orange line. This is shown in Figure 6-2c, 
shows that there are Pt-rich regions (brighter) with higher atomic number, and other regions 
(darker) with lower atomic numbers. 
Although most of the NPs exhibit a solid solution structure, there are NPs which 
show partially ordered structures, as shown in Figure 6-4 In this image, the super-lattice 
reflections present in the FTT of the blue square 1 verifies the ordered structure of this 
region, while the lack of super-lattice reflection in the FFT of square 2 shows a disordered 
structure. In fact, the atomic structure of the ordered region matches well the HAADF 
STEM computer simulation of the L10 structure viewed along the 111 zone axis 
(Figure 6-4b) which is the stable structure for 50% Pt-50% Ni according to the Pt-Ni phase 
diagram [106].  
The EDS mapping of the NPs confirms a Pt rich layer on their surface, as well as 
small Pt rich and Ni rich regions inside the particles (Figure 6-3). This is consistent with 
the intensity variations in the HAADF image shown in Figure 6-2. An important 
observation from the composition distribution of the NPs is that smaller particles have a 
considerably higher amount of Pt and a thicker Pt-rich shell (compare particle 1 and 2 in 
Figure 6-3d). The reason for this behavior starts with the leaching process of Ni, the less  
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Figure 6-2 a) Aberration-corrected HAADF image of a Pt-Ni NP and corresponding FFT 
(inset). b) Normalized intensity across the NP and c) Normalized atomic number for each 
atomic column across the NP (along the orange line). 
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Figure 6-3 a) Aberration-corrected HAADF STEM image of a Pt-Ni NP. The insets show 
the FFTs of regions 1 and 2 within the NP, b) STEM HAADF computer simulation of the 
L10 structure (space group P4/mmm) along the <111> zone axis corresponding to region 
1, and c) STEM HAADF computer simulation of a random solid solution (space group 
Fm3̅m), corresponding to region 2. 
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Figure 6-4 HAADF STEM of Pt-Ni NPs, b) EDS mapping of the NPs in a), c) higher 
magnification HAADF STEM image of the Pt-Ni NPs, and d) EDS mapping of the NPs in 
c) showing a Pt-rich surface layer on the NPs. 
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Figure 6-5 HAADF STEM image and EDS mapping of large Pt-Ni NPs (>10 nm). The 
inset shows the intensity profile of Pt and Ni along the blue rectangle. 
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noble element, which occurs preferentially at the outermost layers of the NP, leading to the 
formation of a Pt-rich surface. In smaller NPs, the fraction of surface atoms with respect to 
bulk atoms increases, and thus smaller NPs are more prone to Ni leaching due to the higher 
density of low coordination surface sites, such as steps and kinks. This results in the 
formation of a thicker Pt-rich layer and higher Pt/Ni ratio in these particles [11], [75], [83], 
[107].  
There are other particles, mostly larger than 10 nm, showing high variations in 
contrast (Figure 6-5). EDS mapping and the corresponding average intensity of the Pt and 
Ni signal along the blue rectangle in the HAADF image confirms the formation of nano-
sized pores, as well as large Pt-rich and Ni-rich regions within the NPs. The presence of 
nano-pores is only seen in the larger NPs. This is confirmed by kinetic Monte Carlo 
simulations, which show that the amount of porosity is proportional to 1/r [108]. In other 
words, the formation of pores is initiated faster in larger particles, rather than smaller ones, 
due to the fact that the higher dissolution rate in smaller particles results in the formation 
of a passivated Pt-rich layer, protecting Ni from below the surface to dissolve [108]–[113]. 
As shown by EDS mapping, the Pt-rich layer also exists on the surface of larger particles, 
but it is thinner than that of smaller particles. 
6.3.1.2 Effect of Voltage cycling 
Figure 6-6 shows changes in carbon support during the different stages of voltage 
cycling. These changes are due to carbon corrosion, as a result of series of reactions 
occurring on the surface of carbon, which produce carbon dioxide and carbon vacancies. 
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Figure 6-6 HAADF STEM images of Pt-Ni NPs on the carbon support before and after 
potential cycling. 
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One of the apparent modifications is the shrinkage of the carbon support. As shown 
in Figure 6-6, a projected region of the carbon support shrank in length from 180 nm to 
150 nm after 7000 cycles. This led to changes in the location of the NPs, although no particle 
coalescence could be observed.  One should consider that STEM images are 2D projected 
images, and thus the 3D inter-particle distance is not known. Yet, the typical 3D convoluted 
morphology of the carbon support prevents the particles from making contact and 
consequently coalescing.   
Figure 6-7 shows another phenomenon which occurs during potential cycling. In 
this case, single atoms and atomic clusters appear on the surface of the carbon support after 
potential cycling, as a result of dissolution. In fact, the dissolution of single atoms has 
further consequences, as they move on the surface of the carbon support and re-deposit on 
larger particles through modified Ostwald ripening. Figure 6-8 shows the re-deposition of 
single atoms on a {111} type plane of a NP after 2000 cycles. In some cases, the dissolution 
and re-deposition may happen simultaneously in the same particle. This can be observed 
in Figure 6-9, where HAADF-STEM images of a particle before and after potential  cycling 
show atoms on surface steps that were dissolved during voltage cycling and new {111} 
facets formed on the surface of the NP. Steps and kinks are high energy sites due to their 
lower coordination number, and thus are more prone to dissolution, in contrast to {111} 
type surfaces which exhibit a lower surface energy [114]. 
These experiments also show, for the first time, direct evidence of heterogeneous 
re-deposition of Pt, as shown in Figure 6-10a and b (red squares 1 and 2). Initially, as there   
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Figure 6-7 Appearance of single atoms and atomic clusters on the carbon support after 
voltage cycling. 
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Figure 6-8 Deposition of single atoms on the (1) surface plane of a Pt-Ni NP. The insets 
on the top left corners are high magnification images of the regions within the blue boxes. 
The inset in the bottom left corner shows the FFT of the NP. 
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Figure 6-9 Dissolution and re-deposition of surface atomic layers before and after cycling 
(inset shows the FFT of the NP). 
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are no other particles nearby the ones shown in the red squares labeled 1 and 2 (see the low 
magnification image in the inset of Figure 6-10a), the re-deposition of single atoms must 
have occurred, instead of coalescence, to explain the change in size. However, it is 
generally accepted that particle dissolution and re-deposition (Ostwald ripening) is an 
isotropic process, i.e. larger particles grow at the expense of smaller ones but their 
morphology should not change. Yet, Figure 6-10 shows anisotropic growth of smaller 
particles (red squares 1 and 2), rather than larger ones, during voltage cycling. Figure 10c, 
which shows a higher magnification HAADF STEM image of the particle in the red square 
labeled 2 of Figure 6-10b confirms the extension of the lattice in the newly deposited 
material. Furthermore, a comparison between the EDS mapping of the particles before and 
after voltage cycling (red squares 1 and 2 in Figure 6-11a and b) shows that the atomic re-
deposition consists of Pt and not Ni. Due to the low Ni/Ni2+ redox potential, the re-
deposition of Ni on particles is not thermodynamically favorable [90]. As discussed before, 
smaller particles have lower amounts of Ni and thicker Pt-rich surface layers. This is 
evident in particles 1 and 2 in Figure 6-11a, where particle 1 has a higher fraction of Pt 
than the other particles and particle 2 has a thicker Pt-rich shell. This Pt-rich shell can act 
as a heterogeneous nucleation site for the re-deposition of Pt. In fact, it has been shown in 
the literature that the presence of a Pt-rich shell induces a lattice strain on the surface layer, 
which leads to a downshift in the d-band center of Pt as a result of the ligand effect from 
the transition metal in the core [29], [30]  According to Schlapka et al., this ligand effect 
would considerably be reduced if the Pt-rich shell thickness is beyond four Pt monolayers 
(approximately 1 nm) [115]. In this case, the ligand effect and consequently the 
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compressive strain on the surface can be neglected, assuming that the presence of the 
transition metal four monolayers beneath the surface has a negligible impact on the 
electronic structure. In this regard, we can assume that smaller particles, poor in Ni and 
exhibiting thicker Pt-rich shells, have surfaces similar to that of pure Pt, particularly with 
the same lattice parameter. Therefore, the re-deposition of Pt on the surface of these smaller 
particles will cause minimal lattice mismatch between the newly deposited material and 
the original particle. On the other hand, due to the shift in the d-band center of Pt in particles 
with thin Pt-rich shells, these particles have lower binding energy for Pt single atoms, 
compared to pure Pt particles or those with thick Pt shells.  As a result, dissolved Pt atoms 
present on the carbon support are more prone to re-deposit on smaller particles with higher 
amount of Pt and thicker Pt-rich surface layers. As shown in Figure 6-11a, particle 1 had 
initially considerably higher amount of Pt than the neighboring particles, while particle 2 
had a Pt-rich layer of about 2 nm, precisely on the area where the deposition later occurred. 
In summary, it seems that the re-deposition of single atoms on these particles is 
thermodynamically preferred due to the lower lattice mismatch and higher Pt-Pt binding 
energy on the surface.  
Another important observation is the change in composition among various particles. As 
shown in Figure 6-12 (as well as Figure 6-12), the percolated structure of particles with Pt-
rich and Ni-rich regions in the core became more homogenous inside the particle. It seems 
that the Pt atoms from Pt-rich regions inside the particles diffused to the surfaces to form 
a clear core-shell structure.   
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Figure 6-10 a) and b) HAADF STEM images of Pt-Ni NPs before and after voltage cycling, 
respectively, c) high magnification HAADF STEM image of the particle 2 after 7000 
cycles showing a continuous lattice between the newly deposited material and the original 
particle and d) EDS mapping of particle 2 after 7000 cycles. 
  142  
  
Figure 6-11 EDS mapping of Pt-Ni NPs before and after voltage cycling, showing the 
heterogeneous deposition of Pt on particles 1 and 2. 
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Figure 6-12 EDS mapping of Pt-Ni NPs before and after voltage cycling showing the 
change in composition distribution inside the core of the NPs. 
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6.3.2 Pt-Co Nanocatalysts 
Figure 6-13 compares the Pt3Co NPs after 2000 and 5000 potential cycling. As 
shown in these images, particle dissolution and particle movement happens simultaneously 
during potential cycling. Almost all of the particles change their location on the surface of 
carbon support. For instance, particle 1 located at the edge of the carbon support in 
Figure 6-13a, moves away from the edge in Figure 6-13b. Similarly, particles 2 and 3 
change their relative position. As it was shown in the previous sections, this can be due to 
a change in the shape of carbon support due voltage, in addition to the particle movement 
on the surface of carbon as a result of carbon corrosion. Since carbon has a 3D convoluted 
shape, the details of the changes in the carbon support are not clear from the 2-D projected 
STEM images. However, the fact that some of the particles are in focus and some are out 
of focus reveals that the particle are located at different heights relative to the eccentric 
height. 
Particle dissolution is another phenomenon that can be observed by comparing 
Figure 6-13a and b. In particular, particle 4 has completely disappeared, while particles 5 
and 6 shrink considerably. This is due to the dissolution of particles as a result of potential 
cycling. The considerable increase in the amount of single atoms and atomic clusters in the 
vicinity of those particles confirms particle dissolution. This is clearer in Figure 6-13d and 
C, which show a high magnification dark and bright field images of the particles subjected 
to dissolution. One might consider the probability of movement of particles 4 and 6 to the 
region behind particles 7 and 8, instead of dissolution. However, this probability is revoked  
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Figure 6-13 HAADF STEM images of the Pt3Co NPs a) after 2000 cycles, and b) after 
5000 cycles, c) and d) high magnification dark field and bright field images of the particles 
labeled as 5-10. 
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by looking at the bright field image of this area in Figure 6-13d which shows that the 
overlapping is related to particle 9 and 10 which were already overlapped with particles 7 
and 8 in Figure 6-13a.  
Figure 6-14 is another example of particle dissolution where the particle size is reduced as 
a result of dissolution. Figure 6-14c illustrates the overlapping of the particle after 2000 
cycles in red and the one after 5000 cycles in green. Thus the red area in the overlapped 
image demonstrate the part that has been subjected to dissolution. Similarly to PtNi 
particles, dissolution happens at the corners and steps of Pt3Co particles due to their high 
curvature and consequently high surface energy.   
After dissolution, single atoms and atomic clusters are very mobile and unstable on 
the surface of carbon support and thus are prone to deposit on the surface of other particles 
to reduce their energy. Figure 6-15 illustrates the deposition on the surface of a large 
particle. The NP exhibits an ordered structure throughout as confirmed by the superlattice 
{100} type spots shown in the FFT of Figure 6-15a., The overlapping of the particle before 
and after potential cycling in red and green, respectively, shows that the deposition happens 
on 100 surface planes.  
Another important observation is the change in the shape of NPs during potential 
cycling. As it is shown in Figure 6-16, the particle lose its sharp corners and edges and 
become more spherical under the effect of voltage in contact with electrolyte. This can be 
either due to the dissolution of high energy edges and deposition on low surface planes, to 
reduce the surface energy or a result of surface diffusion of atoms from low coordinated 
high energy sites to lower energy area on the surface. Similar surface modification has been  
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Figure 6-14 HAADF STEM images of a small Pt3Co NP a) after 2000 cycles and b) after 
5000 cycles, c) overlapping of the particle after 2000 cycles in red and after 5000 cycles in 
green. 
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Figure 6-15 HAADF STEM images of a large Pt3Co NPs a) before and b) after 2000 
potential cycling, c) overlapping of the particle before and after potential cycling in red 
and green, respectively, showing re-deposition occurs on the surface of the large particle. 
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reported for Pt shaped controlled hexagonal nanoparticles and Pd cubic nanocatalysts in 
alkaline environment. The increased roundness and surface modification during potential 
cycling has a deteriorative effect on site selective nanocatalysts as they lose their 
catalytically active sharp edges and corners during fuel cell operation. 
Modification in the composition distribution is another source of degradation for Pt 
alloy nanocatalysts. Figure 6-17 shows the HAADF STEM images along with EDS 
mapping of the nanoparticles inside the red boxes labeled 1 and 2 before and after potential 
cycling. In these images Pt and Co are illustrated in red and green respectively. Co leaching 
outside of the particles happen for all of the particles. However, it occurs more severely for 
smaller particles than the larger ones. The small particles shown in Figure 6-17c and d 
(EDS mapping of box 2) are almost depleted in Co while larger particles only reduce their 
Co content. In smaller NPs, the fraction of surface atoms with respect to bulk atoms 
increases, and thus smaller NPs are more prone to Co leaching due to the higher density of 
low coordination surface sites. This results in the formation of a thicker Pt-rich layer and 
higher Pt/Ni ratio in these particles.  
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Figure 6-16 morphology modification of a Pt3Co NP 
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Figure 6-17 AADF STEM images of Pt3Co NPs a) before and b) after 2000 cycles, c) and 
d)  EDS Mapping of the NPs in box 2, e) and f) EDS mapping of the NPs in box 1.                                    
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 Chapter 7: Conclusions 
To fundamentally understand the degradation mechanisms of Pt and Pt alloy nanocatalysts 
in the cathode of PEM fuel cell during potential cycling, both post mortem parametric TEM 
and identical location S/TEM studies have been performed on MEAs and nanocatalysts 
particles, respectively. Post-mortem TEM analysis of the MEAs after 10K voltage cycling 
produced a general understanding of the surface area loss mechanisms under realistic fuel 
cell conditions, while the identical location study provided direct evidence for each 
mechanism. 
In the first part, the degradation of the cathode side of four different MEAs after 
10K potential cycles was studied, by changing the humidity conditions, upper limit 
potential and temperature. The experiments show that the most severe particle growth, the 
largest particle loss from the cathode, and the highest particle precipitation in the 
membrane occur in the MEAs operated under high potential. This, in turn, results in the 
loss of the active surface area of the catalyst nanoparticles. On the other hand, no significant 
particle growth and particle loss happens in the low humidity sample. It is well known that 
a high potential accelerates particle dissolution, while low humidity restricts the ion 
transport in the ionomer. Thus, it can be concluded that to restrict the nanocatalysts 
degradation on the cathode of the MEAs, it is critical to control the Pt dissolution and 
diffusion in the cathode as a main mechanism of surface area loss. Moreover, two different 
particle morphologies can be found inside the cathode, spherical particles arising from 
Ostwald ripening and non-spherical particles resulting from aggregation and coalescence 
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of two or more particles. The highest and the lowest amount of non-spherical aggregated 
particles in the high potential and low humidity MEAs, respectively, in addition to the 
increasing amount of coalescence inside the cathode in regions closer to the 
cathode/membrane interface show a significant role of particle dissolution and ion 
migration on the coalescence of particles. This is in contrast to the belief that particle 
movement on the cathode causes coalescence. Given the data, two mechanisms are 
proposed to be responsible for particle aggregation and coalescence: deposition of 
dissoluble Pt between two particles with consequent bridging, and modified 
electrochemical Ostwald ripening until adjacent particles make a contact to each other and 
finally coalesce. Evidence of these mechanisms for coalescence is provided by EDS 
analysis of the particles. It is also observed that the amount of Co in the spherical particles 
increases with the particle size. This can be explained by the formation of Pt-rich surfaces 
on the larger particles through the deposition of dissoluble Pt on the surfaces via Ostwald 
ripening which restrict Co leaching from the larger particles. Note, that the deposition of 
dissoluble Co does not happen because of the low enthalpy of mixing. In addition, we 
observe that the atomic fraction of Co in the non- spherical aggregated particles is 
independent of size. An EDS analysis of the particles aggregated through the bridging 
mechanism shows very low amounts of Co (less than 3 at%) while the amount of Co in 
particles resulting from necking of spherical particles depends on the size of those 
individual particles. Further EDS analysis across the cathode shows an increase in Co 
atomic fraction by decreasing the distance to the membrane the high potential and high 
temperature samples. However, near the membrane inside the cathode Co at% drops 
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significantly due to the higher amount of coalescence via Pt preferential deposition 
between particles with consequent bridging. Finally, two types of particle morphologies 
precipitated in the membrane are identified, dendritic polycrystalline particles in regions 
nearby the cathode/membrane interface, and faceted single crystalline particles in regions 
far from the interface. Both types contain only Pt, as Co cannot precipitate because of the 
small enthalpy of mixing and low reduction potential of Co ions. 
To understand the details about each degradation mechanism, the second part of 
this thesis focused on analyzing the behavior of Pt NPs supported on carbon nanotubes and 
amorphous carbon at different stages of fuel cell cycling through identical location S/TEM. 
The reason why carbon nanotubes are used for this part is due to their simpler morphology, 
compared to the complicated 3-D morphology of carbon black. The convoluted 3-D 
structure of carbon black makes it difficult to interpret the actual location of the NPs on the 
carbon support from the 2D projected TEM images.  
Through direct observations, it is demonstrated that, in the first 1000 cycles, the 
main mechanism responsible for the loss of electrochemical active surface area of Pt/CNT 
electrocatalysts is particle motion, followed by coalescence. Severe structural deformation 
of the carbon nanotubes during voltage cycling is another source of degradation. The wave-
like structure of the carbon formed after voltage cycling is the result of the appearance of 
the defect sites on the carbon nanotubes, which convert the flat hexagon structure to curved 
heptagon and pentagon carbon rings. In order to understand if there is any correlation 
between carbon degradation and particle movement on the carbon support, carbon 
degradation was accelerated under the electron beam, while the behavior of the 
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nanoparticles was observed. It is shown that the particles start to move as soon as carbon 
atoms at the interface of the carbon/particle interface are removed. During voltage cycling, 
carbon corrosion occurs through a series of reactions at the carbon/ionomer, 
ionomer/particle, and carbon/particle interfaces. These reactions result in the formation of 
carbon dioxide and removal of carbon atoms at the particle/carbon interface. When carbon 
atoms at the carbon/particle interface are removed from the surface of carbon, leaving a 
carbon defect site, the particle tends to make new bonds with the next carbon atoms to 
possibly decrease its free surface energy. In the next 1000 cycles, single atoms and atomic 
clusters appeared on the ionomer phase at the surface of carbon nanotubes as a result of 
dissolution. These single atoms and atomic clusters move subsequently toward large 
particles and deposit on their surfaces. The atomic clusters will either dissolve again to 
single atoms or ions and redeposit on the large particles or move toward particles and 
redeposit between them with consequent bridging. 
Similarly to Pt NPs on carbon nanotubes, particle migration and coalescence and 
particle dissolution are shown to be responsible for the degradation of Pt NPs supported on 
amorphous carbon (CB). However, particles seem to be more mobile on the surface of 
CNTs than amorphous carbon. This can be due to the difference in morphology between 
CNT and CB. Amorphous carbon exhibits a convoluted 3D structure, in contrast to carbon 
nanotubes with a flat surface. As a result, the particles on the surface of carbon black are 
likely to have larger fraction of surface area in contact with carbon than particles supported 
on CNTs. Thus, more vacancies are needed at the carbon/particle interface for particles to 
start their motion. 
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In the last part of this work, the behavior of Pt alloy nanocatalysts such as PtNi and 
PtCo supported on amorphous carbon was investigated during the various stages of fuel 
cell potential cycling, using identical location aberration-corrected STEM. For PtNi NPS, 
the characterization of the initial powder shows that most of the particles exhibit a 
disordered structure where Pt and Ni form a face centered cubic solid solution. This 
structure shows a heterogeneous composition distribution, where Pt-rich and Ni-rich 
regions are observed within the nanoparticles. Although most of the nanoparticles exhibit 
a solid solution, others show a partially ordered L10 structure. It is also shown that Pt seems 
to segregate to the surface of the nanoparticles. The Pt concentration and the thickness of 
the Pt-rich shell are higher in smaller particles compared to larger ones.  During the initial 
voltage cycling, carbon corrosion occurs, which leads to particle motion; however, no 
particle coalescence could be observed. After 2000 cycles, single atoms and atomic clusters 
appear on the carbon support. In some cases, a nanoparticle exhibits both dissolution and 
re-deposition at the same time. Our experiments also showed for the first time direct 
evidence of heterogeneous re-deposition of Pt on the surface of smaller particles rather than 
larger ones, which contradicts the traditional view of the Ostwald ripening mechanism. 
This can be due to the thicker Pt-rich shell of smaller particles, which act as nucleation 
sites for Pt re-deposition. It seems that the re-deposition of single atoms on these particles 
is thermodynamically preferred due to the lower lattice mismatch and higher Pt-Pt binding 
energy on the surface. The comparison between the composition distribution of the 
nanoparticles before and after voltage cycling shows the formation of a clear core-shell 
structure after cycling. 
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Particle migration and particle dissolution are also observed for Pt3Co NPs 
supported on amorphous carbon during potential cycling. In case of Pt3Co, it was shown 
that Co leaching occurs more severely for smaller particles that larger ones. Particles 
smaller than 5 nm are almost depleted in Co. Another degradation source is the 
modification in the morphology of particles which happens more severely in Pt3Co than 
PtNi NPs during potential cycling. The particles lose their sharp corners and edges and 
become more spherical under the effect of voltage. The increased roundness has a 
deteriorative effect on site selective nanocatalysts as they lose their catalytically active 
sharp edges and corners during fuel cell operation. 
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